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Since the first plastic scale production, plastic consumption has amplified from 5 million tonnes 
to 322 million tonnes per year. Correspondingly, plastic waste has increased substantially and 
is now associated with detrimental effects to humans and wildlife. Therefore, plastic waste is a 
shared interest of exploration for many researchers as they all hold a common goal to look for 
safe and sustainable alternative solutions.  
Many scientists found that the incorporation of waste plastic such as low-density polyethylene 
(LDPE) can potentially improve the rheological performance and high temperature 
performance of bitumen. However, the LDPE modified asphalt binder has frequently 
encountered the adhesive failures resulting from the adhesion loss at the bitumen-aggregate 
interface, particularly when subjected to the oxidative ageing conditions. Adhesion is defined 
as the molecular force of attraction in the area of contact between the adhesive materials and 
substrates. A series studies have been used experiment tests to evaluate adhesion property of 
the asphalt binder. Although these studies have provided meaningful and progressive insights, 
it is still necessary for further exploration to better understand the microstructure and physical 
properties of asphalt binder, particularly when the plastic is incorporated in the binder. However, 
rat the current stage, the research on adhesion of asphalt binder is limited and there is no 
established technique which can be used to quantify the adhesive bond strength between the 
minerals and LDPE modified bitumen at microscale.  
Only in the past 5 years, some researchers used molecular dynamic (MD) simulations to analyze 
the effect of oxidative aging on the adhesion performance of asphalt pavement. This is because 
MD simulation can simulate physical movements of atoms and molecules following Newton’s 
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second law, which is advantageous than traditional experiment and numerical computation in 
understanding the molecular scale behaviors. Literature search indicates that these studies have 
no focus on the effect of LDPE on the adhesion between the bitumen and minerals. Hence, this 
study aims to model and evaluate the interfacial adhesion performance between the LDPE 
modified bitumen and different. MD simulations are employed to model the interfacial 
interaction between minerals and bitumen. Additionally, two representative minerals (quartz 
and calcite) have been selected to build the mineral-bitumen interface models. Results indicate 
that LDPE can improve the interfacial adhesion between the bitumen and minerals (quartz and 
calcite). Oxidative aging adversely affects the work of adhesion between the bitumen and 
quartz while positively affects the adhesive bond energy between bitumen and calcite. On 
completion of the MD simulations, it was found the different mixing process: dry method and 
wet method can affect the adhesion performance of asphalt binder. Moving onto the wet method, 
the work of adhesion between the bitumen and mineral increases once the LDPE directly mixes 
with bitumen. However, the work of adhesion between the bitumen and mineral decrease once 
the LDPE is introduced by dry method. This study provides a fundamental understanding to 
the combined effect of oxidative aging and LDPE on the adhesion between the bitumen and 
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Chapter 1 
CHAPTER 1 INTRODUCTION 
1.1 General Background 
Road construction has played a vital role in the world owing to the impetus it provides to the economy. 
The UK has become the second largest road network in the EU which is 4.5 million km. To meet the 
supply and demand from the logistic, the sector of transportation keeps increasing dramatically with 
economic development. There are more requirements for road industry with high-quality road materials 
and pavement structures. Since 1921, most of the UK roads have been constructed by asphalt mixtures 
(David,1996) in P25. This is because the asphalt mixture has the advantages of smooth surfaces, low 
noise and easy to maintain. However, different types of pavement have different properties and serve 
different proposes depending on the traffic level, climate and other factors. In the UK, all roadways are 
designed to meet the following engineering performance including resistance to the cracking, 
deformation and durability over time. A better road design and construction can help to meet the 
demands for the aforementioned qualities, however, the combined the effects of the environmental 
factors such as solar radiation, moisture, temperature and the oxidative ageing may lead to the 
deterioration of flexible pavements which were built with the asphalt mixtures. 
Since the revolutionary discovery of plastic, polymers have been experimented continually to meet 
a variety of applications. Plastic has become prevalent in our lives because the plastics are used for the 
conveniences of everyday life. As shown in the figure 1.1, it is reported that the plastic production was 
increased dramatically from 1.1million tones in 1950 to 362 million tones in 2015. Most countries 
especially in the UK, have disposed the plastics by land filling. However, the improper disposal of 
plastic such as low-density polyethylene (LDPE) could bring human health and environmental risks. 
This is because that the inappropriate use, disposal and recycling may lead to undesirable release of 
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potentially toxic substance. Based on the research, a current solution to minimize the risks from plastic 
is landfilling. Once plastics arrive at landfill sites, the landfills could take many years to degrade the 
plastic such as LDPE depending on the chemical property of the plastic.  
 
FIGURE 1.1 PLASTIC PRODUCTION FROM 1950 TO 2020 (READ AND WHITEOAK, 2020) 
Previous research has highlighted that the incorporation of waste plastic or polymer into asphalt 
binder is an environmentally friendly approach for waste plastic disposal for road construction of 
flexible pavement and this method could be an efficient way to disposal the waste plastic as it is 
considered as a cleaner approach for sustainable future. 
1.2 PROBLEM STATEMENT 
Environmental factors could adversely affect the quality and properties of the asphalt binder. The 
primary reason is contributed by the adhesive failure (loss of adhesion between the asphalt binder and 
aggregate surface in asphalt mixtures). This is because, the asphalt binder (the bitumen) is known as a 
petroleum product which is a multicomponent material and composed of many types of components, 
ranging from the nonpolar to polar molecules. As a result, the interaction between different molecules 
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can determine the macroscale properties of the asphalt binder. The adhesion can be defined as the 
attraction force between the two molecules in the area of contract (Copeland,2007) in P57. Figure 1.2 
shows the adhesion between the bitumen and aggregate. In the context of asphalt mixtures, adhesion 
may be used to refer to the amount of energy required to break the adhesive bond between bitumen and 
aggregate (Kanitpong &Bahia, 2003) in P8. 
During the pavement construction and service life, the asphalt binder usually faces chemical 
changes that affect the chemical and mechanical properties of bitumen. This process is named as 
chemical aging. Previous study has reported that the oxidation of asphalt molecules could lead to 
hardening of asphalt and makes it more susceptible to cracking (Materin Martinez, 2015) in P108, 
Additionally, many studies also indicated that the mechanical and engineering properties of asphalt 
mixtures depend on the interfacial bond between bitumen and aggregate (Li and Greenfield, 2013) in 
P10. Therefore, the stronger adhesion can improve the engineering performance of the pavement. 
 
Figure 1.2 Adhesion present between bitumen and mineral. (Source: Adhesive.org 
2010) 
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Most of the researcher found that the asphalt binders usually face rutting, fatigue cracking and 
moisture damage due to the weak interaction between the aggregate and bitumen. Some experimental 
studies have shown that the chemical aging significantly affect the stripping (moisture damage) 
properties of asphalt mixtures (Coree, 2005) in P27. 
Various experiment test methods such as Fourier transform infrared spectroscopy have been used 
to understand the mechanism for interfacial adhesion between the bitumen and the aggregate 
surfaces(Copeland, 2007) in P2.With the development of the molecular and atomistic modelling, this 
method is one of the most effective method to analysis the material properties and system behaviors. 
For instance, a model system of the bitumen has been developed by Zhang and greenfield (2014). The 
molecular dynamic (MD) has been used to investigate the molecular interaction and the fundamental 
material properties of the bitumen (Claudy et al, 2015) in P4. Xu and Wang (2016) studied the adhesion 
between the bitumen and aggregate by using the MD method.  
In recent years, many researchers found that the plastic is a cheap material for modification of 
bitumen as it can enhance pavement properties. For example, Nkanga et al. (2017) reported that the 
low-density polyethylene (LDPE) can be used for asphalt binder modification to improve the durability 
and fatigue resistance of asphalt. Similarly, Zoorab&Suparma (2000) indicated that the adhesion 
between the mineral and bitumen is improved by incorporating the LDPE into bitumen. Therefore, the 
LDPE is considered as one of the additives which can be used for asphalt binder modification to increase 
durability and fatigue life. However, most of research focus on the effect of oxidative aging and 
aggregate on the adhesion and there is no established study refers to the effect of LDPE on the adhesion 
between the bitumen and aggregate at the molecular scale, research in this area is crucial and evidently 
needed. The emphasis of this study is focused on the Molecular dynamic (MD) simulation which are 
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applied to build asphalt models with a different aging degree and further to evaluate the effect of LDPE 
and aging asphalt on asphalt performance of bitumen-aggregate interface in this research. 
1.3 Research Aim & Objectives 
This study aims to investigate the effects of LDPE and oxidative aging on the interfacial adhesion 
performance between different minerals and bitumen, when the LDPE is used in the asphalt mixtures 
using different (dry and wet) processing methods. This is because, the LDPE additive, both of 
processing method and bitumen aging as well as the mineral components can affect the chemical or 
mechanical properties of the LDPE modified asphalt binder at molecular scale and further affect the 
adhesion performance with mineral surfaces. In this thesis, the MD simulation investigation can help 
to understand how the changes in the molecular level of asphalt binder due to LDPE additive and 
oxidative aging can alter the adhesive performance of the bitumen-mineral interfaces.  
To fulfill the main research aims of this research requires the following research tasks to be 
conducted, which correspond to individual objective: 
- To understand the mechanisms of bitumen aging at atomistic scale 
- To analyze the effect of asphalt oxidation on interfacial adhesion between bitumen and aggregate 
at the atomistic scale.  
- To review the effect of different aggregate on the adhesion performance of bitumen-aggregate 
interface  
- To understand whether and how the different mixing processes (dry and wet) for incorporating 
the LDPE into bitumen can affect the adhesion performance for aggregate-LDPE modified 
bitumen model. 
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- To compare different bitumen – mineral interfacial systems to investigate the combined effects of 
these factors (mineral types, ageing, processing methods) on adhesion property of bitumen-
mineral interface. 
1.4 Organization of Thesis 
This dissertation presents, introduction, literature review, methodology, data analysis and conclusion. 
A brief description of each chapter is summarized as below. 
Chapter 1: provides an introduction of the research. This section includes the social issues and 
environmental issues of plastic waste and the concept of LDPE incorporation in bitumen modification 
and road pavement application.  
Chapter 2. describes a comprehensive literature review focusing on research aspects related to 
asphalt composition, molecular dynamic studies on asphalt and plastic (i.e. LDPE) modified bitumen. 
Finally, the research gap was identified. All of this led to the formation of research aims and objectives. 
Chapter 3. presents the methodology used in the research. This dissertation will conduct the MD 
simulation to investigate adhesion performance for different mineral-bitumen models. A brief 
introduction to MD simulation and the theory of Molecular dynamic (MD) simulation are both provided 
in this chapter. 
Chapter 4. provides the results obtained from this study. Data analysis is carried out to evaluate 
whether LDPE waste can improve the adhesive bond energy between the mineral and bitumen.  
Chapter 5- draws firm conclusions of the research. The effects of LDPE and oxidative aging on 
the adhesion performance of asphalt binder is discussed, along with limitation and future experimental 
recommendations to enhance the performance of research 
 
Chapter 2 
CHAPTER 2 LITERATURE REVIEW 
In the first section, studies focusing on aspects related to the bitumen are reviewed and the literature 
review will carry out for the understanding and review of the research works done in the past 15 years 
on the bitumen modification by plastics (i.e. LDPE) for improvement of overall performance of asphalt 
mixture for road pavement and the mixing methods used for bitumen modification. In the section 2, 
adhesive failure that occur between the bitumen and mineral surface will be introduced, and the theory 
of adhesion of the bitumen-mineral interfaces is discussed as well. In the section 3, previous studies on 
asphalt binder and LDPE are reviewed, focusing on the studies related to asphalt composition, bitumen 
aging and molecular structure of LDPE. Finally, the last section presents the research gap derived from 
the literature review. 
2.1 STUDIES ON BITUMEN AND USE OF WASTE LDPE IN BITUMEN 
The bitumen is a highly viscous material which has good adhesive nature. With the economic growth 
and expanding population, recycling the plastic waste has been considered as a threat to human life. 
According to the report published in 2004, many virgin polymers such as LDPE have been used to 
incorporate in many road applications for examination and analysis to see whether bitumen can improve 
the engineering properties (Rahmen,2004) in P7. 
2.1.1 Chemical compositions and ageing of bitumen 
This section provides a review of the studies on asphalt binder, focusing on aspects related to bitumen 
composition and aging. 
2.1.1.1 CHEMICAL COMPOSITIONS OF BITUMEN 
Chapter 2 
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The molecular structure of bitumen is highly depending on the chemical composition of bitumen. 
However, the chemical composition of bitumen varies based on the source of the crude oil from which 
the bitumen originates. Branthaver et al (1993) stated bitumen molecules are predominantly 
hydrocarbons (88%-90% by weight). The bitumen also contains the heteroatoms such as Nitrogen (0-
1%), Oxygen (0-1.5%) and Sulfur (0-6%), and present along with trace quantities of minerals such as 
nickel (almost 200 part per million), vanadium (almost 2000 parts per million) , iron and magnesium, 
which are usually present in the form of inorganic salts and oxides.(Speight, 1999 in P8; Jiménez-
Mateos et al,1996 in P8; Mortazavi and Moulthrop,1993 in P32; Read and Whiteoak,2003 in P8). 
Bitumen is believed to consist of close to a million different organic compounds, without a single pure 
compound dominating its property (Wiehe et al,1996) in P9. Therefore, bitumen has an extremely 
complex chemical composition, and this complexity leads to characterize the properties of bitumen such 
as chemical property and physical property difficultly. Therefore, Corbett (1969) summarized the 
systems of bitumen can be divided into two board based on the selective adsorption-desorption method 
(see Figure 2.1). According to their size and solubility in polar, non-polar or aromatic solvents, the 
chemical system in the bitumen can be further separated into four fractions chemically by its content of 
hydrocarbon compositions (Lu and wang ,2010) in P9. The four fractions of bitumen are named 
saturates (S), aromatics (A), resin (R) and Asphaltenes (A), which can also be called SARA. The main 




Figure 2.1. Schematic of Corbett’s (1969) bitumen separation method based on bitumen 
fractions’ size and solubility in polar and non-polar 
- Asphaltenes  
Asphaltenes are the largest and the most polar components of asphalt, making the largest 
contribution to its viscosity (Mullin,2010) in P25. Asphaltenes constitute 5 – 25% of the bitumen by 
weight and are defined as the fraction of asphalt that is insoluble in light alkanes of n-pentane, n-hexane 
or n-heptane, but is soluble in aromatic solvents such as benzene or toluene. Asphaltenes are mainly 
resulted the black color of the asphalt. This is because, the asphaltenes present an insoluble black 
amorphous solid at the room temperature, and do not exhibit thermal transition until the temperature up 
to 200°C (Lesueur,2009) in P91. Asphaltenes act as the viscosity—building agents and are also 
considered to be the most and largest polar aromatic materials (5-25%) in the bitumen and asphaltenes 
have a strongly effect on rheological and mechanical properties of bitumen (Mullins,2010) P7. As a 
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result, a review by Lesueur (2009) on the composition of asphaltenes noted that the asphaltenes are not 
only composed of aromatic components, it also includes a large number of heteroatoms such as oxygen, 
sulfur, nitrogen. This is because, the asphaltene comprises polar components and it has a very high 
tendency to interact and incorporate in heteroatoms (Lira-Galeana and Hammami, 2006) in P8. 
Therefore, they are considered to be aromatic compounds with alkyl chains and heteroatoms (Li and 
Greenfield,2013) in P107. In order to further understand the asphaltenes, many bitumen molecular 
models have been studied. The asphaltenes can be separated into island and archipelago types. Island 
models showed the asphaltenes include fused aromatic ring (FAR) with aliphatic chains. Archipelago 
supports the idea of asphaltene composed FAR with aliphatic short chains (Martin Martinez,2015) in 
P9.  
- Saturates 
Saturates constitute 5-15% by weight of bitumen and show glass transaction in the temperature 
about -70°C (Corbett,1969) in P6. Saturates are light and non-polar molecules which consist of aliphatic 
chains (n-paraffins) with branched (iso-paraffins) and cyclic alkanes (Roberts et al,1996) in P55. The 
saturate fractions show the low chemical reactivity and rarely changes with times as they are highly 
resistant to ambient air oxidation (Petersen, 2009) in P7. At room temperature, Saturates present 
colourless or straw liquid.  
- Aromatics 
Together with resins, aromatics and resins are the most abundant component in asphalt, 
constituting 30-45% of the total bitumen. Aromatics consists of non- aromatic rings and non-polar 
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carbon chains (Corbett,1969) in P6. The aromatic is the softening element in the bitumen. It has good 
dissolving ability for paraffin waxes and It also has a light molecular weight hydrocarbon and present 
a yellow to red liquid at room temperature. it is more viscous than saturate due to higher glass traction 
at same temperature. Claudy et al (1992) stated the aromatic can easily react to the oxygen atoms during 
18-year service period. Aromatics are more viscous than saturates at the same temperature, but less 
viscous than resins (Claudy et al 1992) in P6. 
- Resins 
Resins, are also considered to be polar aromatics, consists of nonpolar paraffinic groups and 
heteroatoms containing oxygen, sulfur and nitrogen. Therefore, they are also gaining fraction in the 
bitumen (Lira-Galeana and Hammami, 2007) in P8. At the room temperature, Resins are black solid in 
bitumen as it cannot exhibit a glass traction. 
2.1.1.2 Oxidative Aging of Bitumen 
The chemical aging of bitumen can result in hardening and brittleness in bitumen, causing the cracking 
in pavement. Bell (1989) studied aging occurring at two stages, which are short-term aging and long-
term aging, respectively.  
The short-term aging happens during the mixing of asphalt binder. This is because, the bitumen is 
heated up to 160°C in order to reach sufficient workability for mixing and construction. Once the 
temperature is increased to 160°C, the low molecular weight fraction of bitumen is evaporated, resulting 
in an increase in of asphalt binder. Normally, this stage can be simulated by Rolling Thin Film Oven 
(RTFO) in the laboratories. 
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The long-term aging occurs over the 10-15 service life of asphalt mixture. Different to the 
simulated method of short-term aging in the laboratories, the long-term stage aging usually simulated 
using the pressure Aging Vessel (PAV) method (Boysen et al, 2015 in P9 and Qin, 2014 in P17). 
Peterson (2015) reported the change in SARA factions of bitumen can be used to characterise the aging 
of bitumen. According to the study from Peterson (2015), during the aging process, resins and 
asphaltenes in the bitumen are both increased in bitumen and there is a decrease in aromatic content 
(Corbett, 2014) in P10. This is because the aromatics in the bitumen is converted into the resins, and 
then the resins are converted into the asphaltenes (NCAT, 2014) in P1. In terms of stature fractions, 
many studied reported that there is no change occurs because the stature has a low reactivity 
(Perterson ,1993 in P90; Khabaz ,2015 in P10 and Daly et al ,2010 in P29). 
- Oxidative aging of functional groups in bitumen 
Based on the study by Petersen (1984), he stated when the bitumen is exposed to atmospheric oxygen 
in the road or pavement, the bitumen rapidly oxidizes and forms polar function groups which can alter 
rheological properties of asphalt mixture .The investigation of oxidative aging bitumen can be narrowed 
down to the certain types of functionalities, as there are many bitumen molecules share these chemical 
functional groups. (Pertersen 1986). Peterson and Glaser (2011) investigated ketone and sulfoxide 
chemical functional groups can be identified as two major chemical functionalities after oxidative aging 
(see Figure 2.2). As shown in the Figure 2.2 (a), the ketones are formed once the oxygen attached to 
benzylic and the carbon atom is replaced by the oxygen atom. The sulfoxides are a chemical functional 
group containing a sulfinyl functional group, S=O, attached to two carbon atoms. Sulfoxides formed at 




Figure 2.2 Formation of ketone and sulfoxide, from Pan and Tarefder (2016) 
 
2.1.2 Plastic waste as an asphalt binder additive. 
The use of polymer for asphalt binder modification in paving roads has been started since 1990s. The 
polymers are well-known additives for improvement of mechanical properties in asphalt binders and 
the main advantage of plastic modified bitumen is higher fatigue life in that it has a good adhesion 
performance between bitumen and aggregate. Therefore, many experts start using the virgin polymer 
in bitumen as an additive.). An alternative approach is to use the ‘recycled polymer’ or ‘waste plastics’ 
rather than the virgin form to reduce the cost of the polymer. This has led to many efforts undergone to 
distinguish the different types of plastics. There are 7 divisions of recycled plastics (see Figure 2.3). 
However, different types of the plastic can enhance the engineering properties of modified bitumen 
differently. The table 1 outlines advantages and disadvantages as implication of different plastic asphalt 


















Figure 2.3 Seven divisions of waste plastic (IKA, 2019) 
 
Table 1: Advantages and disadvantage of different plastic asphalt binder in road construction 
(Source: Sen and Raut,2015; Hindle,2019, AZO materials,2012 and Rahman 2004). 
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As can be seen from the Table 1, the LDPE shows better performance in improving the engineering 
performance such as the resistance to rutting and ageing in comparison to the other types of waste 
plastic. Thus, the LDPE is selected as the research subject in this study.  
2.1.3 LDPE modified bitumen 
The waste plastic such as LDPE, PET and HDPE, has been found to be a good modifier of bitumen. In 
1981, the PE was the first plastic introduced into the bitumen as binder. Denning and Carswell (1981) 
decided to use NOVOPHLAT (which is made of PE) at 7% by weight of bitumen mixture into the 
asphalt binder. The result reported that asphalt mixture using polyethylene modified binder were more 
resistant to permanent deformation at high temperature (Deneing and Carswell, 1981). Therefore, 
Reinke and Gidden (2002) studied the engineering properties of LDPE modified bitumen and founded 
that 5% LDPE concertation by weight can enhance the physical properties of bitumen. They founded 
that the penetration decreases as compared with the unmodified bitumen while the softening point and 
viscosity increase. Another study of notable findings suggested utilizing LDPE modified bitumen is a 
better binder compared to bitumen without additive resulting higher Rutting resistance and better 
fatigue performance (Uddin et al,2004) in P19. Vasudevan (2007) claimed that the LDPE modified 
bitumen has a better rheological property and keeping the values of ductility at minimum range of 
specification comparing to the performance of neat bitumen. 
Ahamdainia, et al (2010) showed that waste LDPE in various percentages such as 0%, 2%,4%, 6% 
and 8% could blend with bitumen mixture The result showed the incorporation waste LDPE into the 
bitumen can improve the resistance against permanent deformation (rutting) and increase the stiffness 
of the asphalt binder as compared to the conventional bitumen mixture. Vargas et al (2013) summarised 
the advantages of LDPE modified bitumen are lower temperature susceptibility, better age resistance 
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properties, higher fatigue life and higher resistance properties, higher resistance to deformation at higher 
temperature. With that the LDPE modified bitumen has a better adhesion property between aggregate 
and binder, which meliorates the performance properties in heavy traffic and extreme climatic 
conditions. Babalghaith et al (2018) carried out an experiment to study rheological properties of 
Polyethylene modified bitumen. The study used LDPE, high density polyethylene (HDPE) and 
Polyethylene terephthalate (PET) to modified virgin bitumen. they found the rheological properties of 
Polyethylene modified bitumen is very sensitive and depends on external factors such as the mixing 
duration and mixing methods, and internal factors such as type of bitumen and type of polyethylene. 
The study also reported that LDPE modified bitumen offers a better rheological performance in 
comparison with PET modified bitumen and HDPE modified bitumen. 
2.1.4 Blending plastics in bitumen 
The recycled plastic has been incorporated into asphalt mixtures by two distinct processes known as 
“dry process” and “wet process” (see Figure 2.4). A short definition for each process is presented 
below: 
- Dry Process 
In this technology, the polymer is directly added to the either aggregate or bitumen. Therefore, this 
method is suitable for blending the polymer with aggregate and bitumen without using any special 
equipment. However, the degree of interaction between the binder and polymer could be affected by 
grading, size of polymer, mixing time and mixing temperature (Brule,1995) in P17. Therefore, this 
technology can only be used to blend coarse polymer with less specific surface area. This could result 
in very slight interaction and has no significant effect on the properties of the bitumen as compare to 
the wet process. 
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- Wet Process 
Wet method is the most common method of manufacturing the polymer modified bitumen. 
According to McDonald’s technique, the polymer must be added to the bitumen before mixing with 
aggregates. They are mixed at high temperatures for a given times to promote the physical and chemical 
interaction and to achieve a homogeneity. Therefore, if a study is only looking at polymer incorporation 
into the bitumen binder before production of asphalt cement, only the wet method can be considered. 
However, most of published studies prefer to use the wet method to produce the polymer modified 
bitumen as it can make a large amount of the modified binder (Brasileiro et al,2019) in P11. Blending 
the polymer in bitumen can increase the viscosity of binder and it could bring construction challenges 






















2.2 Adhesive and Cohesive in Bituminous Materials 
In this section, Firstly, the adhesion theory and cohesive theory are both presented. The definition of 
adhesion and cohesive energy between the bitumen and aggregate as well as the cohesive energy are 
also presented. The influences of chemical composition and types of aggregates on the adhesive strength 
between bitumen and aggregate are discussed as well. 
2.2.1 Theory of Adhesion 
Hicks (1991) has investigated that there are four board theories which has been used to explain the 
theory of adhesive bond energy between the bitumen and aggregates, namely as molecular orientation 
theory, chemical reaction theory, mechanical adhesion theory and surface energy theory. 
- Molecular orientation theory 
Rice (1959) has found the adhesion is established when the bitumen and aggregates are bought in 
contact. Therefore, the theory of molecular orientation claims that molecule of bitumen tends to orient 
itself in order to satisfy the energy demand of the mineral surface when the bitumen is contact with the 
mineral. Moreover, Bhasin et al (2006) stated that molecules of bitumen are non-polar (Lifshitz-van der 
Waals) generally, although some component are polar (Lewis acid and Lewis base).  
- Chemical Reaction Theory 
Terrel and Shuttle (2012) described the chemical reaction theory has been accepted to explain the 
effect of types of aggregate on the interfacial adhesion between the bitumen and aggregate. According 
to the findings from Teerel and Shuttle (2012) as shown in Figure2.5, aggregates can be classified into 
either hydriohilic (acidic mineral) or hydrophobic (alkali mineral). The major chemical properties of 
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the minerals that determine the characteristics of either hydrophilic or hydrophobic are surface 
chemistry, porosity and pore size.  
 
 
Figure 2.5 Classification of aggregates as hydrophilic and hydrophobic (Source: Huang 2004) 
Huang (2004) summarized the acidic minerals such as quartzite is less likely to form bonds as 
strongly with the bitumen. The pH values of the surface of an aggregate can affect adhesive bond energy 
of the asphalt binders. In other words, a more acidic aggregate surface is hardly to form strong bond 
energy between the bitumen and surface aggregate (Graf, 2010) in P27. The increment of the pH value 
of asphalt binder is not restricted to the acidic mineral, but also occurs with the alkali mineral. Hence, 
the classification of the aggregates as either acidic aggregate or alkali aggregate can only be used as 
rough assessment rather than absolute.  
 Hick (1991) indicated the PH value of bitumen also can affect the adhesion between bitumen and 
aggregates. Many past studies have found the pH value of the bitumen could be increased once oxygen 
atoms are introduced into the asphalt binder (Huang et al, 2000 in P10; Labib,1992 in P17; Scott ,1978 
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inP205; Yoon & Tarrer,1988 in P109). Therefore, the pH value of bitumen surface could be increased 
with the increased content of oxygen in the bitumen (Yoon & Tarrer, 2000) in P10. 
- Mechanical adhesion theory 
Terrel and Al-Swailmi (1994) investigated the machinal adhesion theory has been accepted to 
explain the effect of physical properties of aggregate such as particle size, contacting surface texture 
absorption and porosity on the adhesion between the bitumen and aggregates. A stronger adhesive bond 
energy between bitumen and aggregate can be created when bitumen gets into the surface irregularities 
and pores of the aggregates, causing a mechanical interlock. However, according to Tarrar and Wagh 
(1992), aggregate having smooth surface texture are harder to create mechanical interlock as compare 
to the rough surface. 
- Surface Energy Theory 
Hick (1951) defined the surface energy theory is defined as the adhesive bond energy needed to 
create a unit area of contact between aggregate and bitumen in vacuum condition. According to the 
Rice (2008), in order to create an effective adhesive bond energy between the bitumen and aggregate, 
the bitumen must be completely coated the surface of aggregate. The coating ability of bitumen can be 
defined as surface energy theory (Kringos et al,2010). Therefore, the adhesion tension can be 
established when the bitumen and a surface of aggregates are bought in contacted. Some past studies 
found the adhesion between the aggregate and bitumen can be varied with the types of aggregate, 
physical properties of aggregates and the chemical composition of bitumen (Bhasin et al. 2006; Cheng 
et al. 2002).  
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2.2.2 Cohesive energy theory 
In the context of asphalt mixture, the cohesion refers to the intermolecular force within the bitumen. 
The cohesion strength is affected by the rheology of bitumen in the asphalt mixture. Therefore, Kim 
(2013) described in more detailed subsequently, the cohesive energy is mainly used to resist the 
microcrack in the asphalt binder, which is strongly affected by the dispersion of aggregate. Therefore, 
the cohesive energy in the asphalt binder is not only controlled by the bitumen alone, but by the 
combination of bitumen and aggregate. Teeral (1994) indicated that there are several factors such as 
temperature, moisture content can affect the cohesion in the bitumen. Based on the Cheng (2005), the 
moisture can affect cohesive bond energy including weakening the bitumen as moisture saturation 
expansion so it can cause asphalt binder to lose stiffness and durability. 
2.2.3 Adhesive failures 
Adhesion failure normally happens at the interface between the adhesive layer and substrate 
(Yonn&Tarrer,1988). As has been stated before, adhesion is a molecular force of attraction in the area 
of contact between adhesive and substrate which can act to hold the bodies together (Copeland,2007) 
in P19. Therefore, in the context of asphalt binder, the adhesion usually refers to amount of adhesive 
bond energy required to break the adhesive bond between bitumen and aggregates 
(Kanitpong&Bahia,2003) in P10. Some studies stated that the adhesion failure refers to the 
displacement of aggregates from the bitumen surface, which indicates low magnitude of adhesive bond 
strength (Shatanawi et al ,2012 in P10; Martin,2015 in P37). As shown in the Figure 2.6, the adhesion 




Figure 2.6 Adhesion and cohesion of bitumen (bitumen-filler mastic) and aggregates (Source: 
Lytton et al. 2005) 
 Lytton et al (2001) stated that adhesive failure is mainly affected by the physical and chemical 
properties of asphalt binder. Based on the study conducted by Lytton et al (2001), Reed (2002) 
suggested that the adhesion tension between the bitumen and mineral varies with the types of aggregates 
and chemical composition of bitumen. In order to further analysis the adhesive failure, Little and Jones 
(2003) has tried to quantify the adhesion of various combinations of asphalt binder materials (i.e. 
bitumen and aggregates) by performing wheel tracking test. Based on the study, they concluded that 
the adhesive failure is mainly influenced by the properties of the aggregate rather than the properties of 
bitumen. Also, for hydrophobic (alkali) aggregates, the effect of different types of bitumen is almost 
negligible. This part of the study has correlated the adhesive bond energy of aggregates and bitumen 
with types of aggregate and chemical composition of bitumen. Using the experimental data from Little 
and Jones (2003), Curtel et al (2004) investigated the relationship between these parameters (types of 
aggregate, adhesive bond energy, chemical composition of bitumen). 
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- Effect of chemical composition of bitumen on adhesion 
Bitumen acts as viscoelastic binder which is used to hold together aggregates or minerals particles 
in the asphalt binder. Bitumen is a complex hydrocarbon “liquid” whose chemical composition relies 
on the source of oil which is the bitumen originates (Wignall et al, 1991) in P18. Curties et al (1993) 
found there are two main chemical functional groups within the bitumen, which are maltene and 
asphaltene, respectively. The both groups have a significant effect on the property of rheology of 
bitumen (Reed,2003) in P29. According to the findings from Reed (2003) and Curties et al (1993), 
Whiteoak (2003) concluded that the different specific functional groups within the bitumen can affect 
the interfacial adhesion between aggregates and bitumen in terms of adsorption isotherm behavior at 
different levels (see Table2). As shown in the Table 2, the majority of function groups within the 
bitumen have shown the good adsorption behavior. This is because, the polarity and the separation 
charge within the bitumen molecule can promote the adhesive bond energy between the bitumen and 
aggregates (Little and Jones,2003) in P41. As can be seen from the Table 2 as below, the level of 
absorption depends on the absorbed functional group within the bitumen. For instant, the Carboxylic 
acids or anhydrides functional group in the bitumen could leads the bitumen strongly attracts to the 
aggregate surface but the ketones could make the bitumen tends to easily deboned under scrubbing 
action so that it can be also removed from the surface of aggregates easily (Curties et al,1993) in P76. 
Due to all chemical functional groups present or form in bitumen, the interfacial adhesion between the 
aggregate and bitumen becomes relatively stationary when the bitumen is coated with the aggregate 
(Robertson et al, 2001) in P9. However, the environmental factor such as high temperature can cause 
the “polarity alone” in the bitumen so that adhesion in the asphalt mixture cannot achieve a good level 
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because the polarity in the bitumen may not be sufficient. (Hicks,2001) in P72. As a result, the low 
level of absorption for the bitumen could cause the adhesion failure. 
Table 2: Absorbed functional groups within the bitumen for aggregated surfaces. (Source: Caro 
et al,2008). 
Absorbed functional groups (Increasing order) 
Level of Absorption Curties et al. (1993) Petersen et al. (1992) Plancher et al. (1997) 
Low Kentones Pyrridine  Kentones 
 Pyrrolic  
High Sulfoxides Anhydrides anhydrides 
Pyrridine pyrrolic sulfoxides 
Pyrrolic pyrridine pyrridine 
Carboxylic acids Carboxylic acids Carboxylic acids 
 
- Effect of types of aggregate on the adhesion 
Kandhal et al (1997) stated asphalt binder includes 92%- 96% aggregate by weight of asphalt 
binder, while the bitumen only accounts for about 4% and 8% only. Therefore, the aggregate is the most 
important part in the asphalt binder. The physical and chemical properties of aggregate play equally 
important role in determining how well the adhesive bond energy between the surface of aggregates 
and the bitumen so the properties of aggregate can directly affect the performance of asphalt binders. 
The physical properties of aggregate commonly are measured by the ability of resistance to crushing, 
stripping and particle shape (Cordon1979). Therefore, Miller& Bellinger (2003) investigated physical 
properties of aggregate can vary with the types of aggregate. For example, hydrophilic aggregates (e.g. 
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Granite and Quartzite) has a reactively low adhesive bond strength with bitumen as compare to the 
other types of aggregates. Therefore, hydrophilic (acidic) aggregates are easier to cause the adhesion 
failure. According to the chemical bonding theory (Hicks, 1991), the Bagampadde et al. (2005) and 
Caro et al (2008) noted the aggregate with high content of alkali feldspars (e.g. albite) cannot easily to 
strip as it has a strong adhesive bond energy to attract the bitumen. Bagampadde et al. (2006) found the 
alkali aggregate has a better ability of resistance to stripping and moisture damage than the acidic 
aggregate because the chemical bond of the acidic aggregate is not sufficient to attract bitumen (see 
Table3). However, Kim&Coree (2005) stated chemical properties of aggregate are very difficult to 
predict as chemical fraction of bitumen can be changed over period time during the aging process. 
Table 3 Summary of aggregates according to the physical and chemical properties associated 
with them (Source: Cordon,1979 and Hick,1991) 





Grainte Fair Fair Fair 
Basalt Good Fair Fair 
Albite (Feldsaprs) Fair Poor Good 
Quartz Fair Fair Good 
Calcite Good Good Fair 
Chert Good Fair Poor 
Schist Fair Fair Fair 
2.2.4 COHESIVE FAILURES 
Fromm (1994) investigated that the cohesive is the intramolecular force developed within the 
bitumen which can hold the molecules of bitumen and is influence by viscosity of bitumen. In the 
context of asphalt binder, the cohesive failure refers to the separation of molecules within the bitumen 
(John,2003) in P78. The cohesion failure generally reduces the cohesive strength within the bitumen 
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via softening and causing the bitumen to lose stiffness (Rand,2002) in P10. Therefore, the cohesive 
failure results in the reduced durability of asphalt mixture and increased permanent deformation. Si et 
al (2002) investigated the rheological properties of bitumen and dispersion within the bitumen are 
determined by the cohesive bond strength within the bitumen. The Canestrari et al (2010) conducted an 
experiment test and found the cohesive bond strength can be decreased at the temperature lower than 
25 °C so that the moisture on the aggregate surface can be dispersed and reaches to the bitumen. As a 
result, the results indicated that the moisture can accelerate the cohesive failure within bitumen because 
the interaction with water molecules. 
2.2.5 COMBINED ADHESION AND COHESION FAILURES 
Rand (2012) stated the failure which happened within the asphalt binder is neither entirely adhesive nor 
cohesive. Therefore, Rand (2012) conducted an experiment study to identity the forms of failure as 
either adhesion failure or cohesion failure via visual observation. According to the study, Rand (2013) 
summarized the adhesion failure is more common than the cohesion failure in the asphalt binder. Rand 
(2013) also noted that there are three main types of failure which might possibly occur between bitumen 
and aggregates and he also stated the failure of for asphalt mixtures is usually neither entirely cohesive 
nor adhesive (see Figure 2.7). He concluded that the failures for asphalt mixtures are mainly affected 
by the properties of aggregate instead of properties of bitumen. Therefore, the adhesion failure is the 




Figure 2.7. Possible types of failure that might occur in asphalt mixtures (source: Rand 2012). 
2.3 MD Simulation of Bitumen and LDPE 
2.3.1 The molecular dynamic simulation  
To do molecular dynamic simulation of a complex and multicomponent material such as bitumen, the 
molecules of model can be used to represent the huge number of different elements within the bitumen.  
Groenzin and Mullins (2010) proposed there are two asphaltene molecules were selected in the MD 
simulation, the one with the aromatic core and with a small branch, and one with aromatic core with 
long chain alkane side branch See Figure 2.8). Based on the study of Zhang and Greenfield (2007), Li 
and Greenfield (2014) proposed a 12-component model bitumen system to represent AAA-1, AAK-1, 
and AAM-1 bitumen of the Strategic Highway Research Program (SHRP). They founded the alkanes(n-
paraffin) consists of long branches and cyclic alkanes but the content of alkanes in the saturate fractions 






Figure 2.8 Molecules used by Zhang and Greenfield (2007) (a) n-docosane (n-C22H46), (b) 1,7-
dimethylnaphthalene, (c) asphaltene 1, and (d) asphaltene 2 
 
Figure 2.9 structures of saturates: (a) squalane and (b) hopane (Li and Greenfield 2014) 
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As can be seen from below, Figure 2.10 (a) and Figure 2.10 (b) show the two structures of 
aromatics fractions in bitumen, two molecules, namely dicotyl-cyclohexane-naphthalene (DOCHN) 
and Perhydrophenanthrene-naphthalene (PHPN), are selected to represent the two aromatics molecules 
in the bitumen (Li and Greenfiled ,2014). The PHPN is proposed by Simanzhekov (2003) and DOCHN 
structure is shown by Lira-Galeana (2000). 
 
Figure 2.10 Structures of aromatics: (a) DOCHN and (b) PHPN (Li and Greenfield 2014) 
Figure 2.11 shows five different molecules which are selected to represent the resin fraction in the 
bitumen. These five molecules are named as benzobisbenzothiophene, pyridinohopane, 
quinolinohopane, trimethylbenzene-oxane, and thio-isorenieratane, respectively (Li and 
Greenfield ,2014) in P10 In the context of bitumen, these molecular structures are proposed primarily 
from geochemistry literatures according to the analyses of petroleum found in sedimentary rock 




Figure 2.11 Resin: (a) benzobisbenzothiophene, (b) pyridinohopane, (c) quinolinohopane, (d) 
trimethylbenzene-oxane, and (e) thio-isorenieratane (Li and Greenfield 2014) 
Martin-Martinez et al (2015) proposed modification to the asphaltenes used by Zhang and Greenfield 
(2007) and Li and GreenField (2014) which is more reflective of accurate structures of asphaltenes (see 
Figure 2.12). In In 1972 Erich Clar formulated his aromatic π-sextet rule that allows discussing 
qualitatively the aromatic character of benzenoid species. Now, 40 years later, Clar's aromatic π-sextet 
rule is still a source of inspiration for many chemists. This simple rule has been validated both 
experimentally and theoretically. In this review, we select some particular examples to highlight the 
achievement of Clar's aromatic π-sextet rule in many situations and we discuss two recent successful 
cases of its application. In 1931, Hückel formulated his renowned 4n + 2 rule that explain the stability 
of benzene as compared to cyclooctatetraene or cyclobutadiene. Since this rule is strictly valid only for 
monocyclic conjugated systems, several attempts were made to extend this rule to polycyclic systems. 
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Among them, the probably most successful was Clar's π-sextet rule formulated in 1972 in the book 
“The Aromatic Sextet” (Clar, 1972) in p27. This model was inspired by the work of Armit and Robinson 
who were the first to use the term aromatic π-sextet. Clar's rule states that the Kekulé resonance structure 
with the largest number of disjoint aromatic π-sextets, i.e., benzene-like moieties, is the most important 
for characterization of properties of polycyclic aromatic hydrocarbons (PAHs). Aromatic π-sextets are 
defined as six π-electrons localized in a single benzene-like ring separated from adjacent rings by formal 
CC single bonds. Based on the Clar sextet theory and density functional theory, they used three 
molecules, which are asphaltene-phenol, asphaltene-pyrrole, and asphaltene- thiophene, respectively to 
represent the asphalt fraction after modification (Li and Greenfield,2016) in P9. Comparison with 
previous models of asphaltene (see Figure 2.9). The distribution of p electrons in aromatic core is 
optimized and geomatical stain is also minimized within the three new molecules of asphaltene. The 




Figure 2.12. Asphaltenes: (a) asphaltene-phenol, (b) asphaltene-pyrrole, and (c) asphaltene-
thiophene (Li and Greenfield 2014) 
2.3.2 Bitumen in molecular dynamic simulation 
Zhang and Greenfield (2009) used the preliminary method to analysis properties of bitumen such as 
density, viscosity and isothermal compressibility at different temperature by using the molecular 
dynamic (MD) analysis. The molecular dynamic results the viscosity and density decrease with the 
increased temperature. The MD results also showed the agglomeration of bitumen strongly relies on 
molecular composition of asphaltenes. According to the Zhang and Greenfield (2009) study, the Bhasin 
et al (2010) added a long polyethylene (PE) chain to one type of bitumen in order to investigate the 
physical property and mechanical property for the virgin bitumen and PE modified bitumen by using 
molecular dynamic simulations. The MD results showed the density of bitumen is higher than the 
unmodified bitumen and the isothermal compressibility of PE modified bitumen is much lower than the 
unmodified asphalt, which indicate the modified bitumen has a better mechanical and physical 
performance. The radial distribution function indicated increased aggregation of molecules of 
asphaltenes after mixing PE molecule.  
Khabaz and Khare (2015) investigated the difference between the neat bitumen and styrene-
butadiene rubber (SBR) in term of glass transition and molecular mobility by using the MD simulation. 
The results from radial distribution function showed increased aggregation of the asphaltene functions 
by presence of styrene-butadiene rubber (SBR). The glass transition and the mobility of constituent 
molecules were not seen to be different for modified bitumen and virgin bitumen. 
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Pan (2015) studied the cohesion and adhesion in the asphalt mixture using the molecular dynamic 
simulation. There are two types of aggregate (calcite and quartz) and one module of bitumen were used 
in the study. The results showed the cohesive energy within the bitumen is highly relied on the non-
bonded energy between atoms and the adhesion bonding between the aggregate and bitumen dependent 
on the type of aggregate. 
According the Pan’s study (2015), Wang et al (2017) studied the effect of oxidised bitumen on 
adhesion at atomistic scale by using the MD simulation. Bitumen aging was modelled was built by 
converting to two resin molecules to an asphaltene molecule and one representative minerals (quartz) 
was used to represent the aggregate. He found the interfacial energy between the bitumen and aggregate 
is reduce by adding oxygen atoms. However, he also stated the result can only use to understand the 
adhesive bond energy at the bitumen-quartz interface. 
Lemarchand et al. (2013) studied the adhesion between the oxidised bitumen and silicate mineral 
by using the MD method and atomic force microscopy (AFM) test. These two methods have been used 
to characterize the adhesion performance for neat, short-term aged and long-term aged asphalt mixtures. 
The number of molecules in the bitumen have been adjusted to conform to the experimental 
measurements of SARA fractions of neat bitumen and aged bitumen. The result demonstrated the 
additional oxygen atoms resulted more asphaltene fractions in the aged bitumen than virgin bitumen.  
Yao et al (2016) investigated the effect of chemical aging on the properties of bitumen by MD 
simulation. They introduced carbonyl and sulfoxide function groups into the virgin bitumen to represent 
the aged bitumen. They found the aged bitumen has a higher density and viscosity values than the virgin 
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bitumen. They also indicated the additional carbonyl functions in the bitumen can result the better 
adhesion in the aggregate-bitumen system and also can improve the performance of moisture damage 
resistance in asphalt binder. 
2.3.3 Low-density polyethylene (LDPE) in molecular dynamic simulation 
Polyethylene (PE) is the most common plastic used widely in construction industry. Miller et al (2002) 
stated, according to the density and degree of molecular branching, the PE can be classified into three 
different types of PE, which are LDPE, medium-density polyethylene (MDPE) and HDPE, respectively. 
Frankland et al (2005) carried out MD simulations to study the chemical compositions of LDPE. The 
results showed the LDPE has a central backbone with many branches, and those branches also have 
branches. However, the results also indicated the lengths of all these branches are really difficult to 
determine. As a result, the structure and the chemical composition of LDPE are both hard to characterize.  
According to the Frankland’s study (2005), Zhang et al (2012) investigated the structure of LDPE 
using the MD simulation. As shown in the Figure 2.13, there are three types of LDPE have been 
classified based on the structure of LDPE. The first one has a single branch with CH2 units (star-shaped), 
the second LDPE model has four branches with two branch sites at the end of backbone (H-shaped), 
The third one has four long branches with four branch sites randomly distributed along the backbone 
(comb-shaped). Zhang et al (2017) studied roles of branches, branch distribution and branch contents 
in the LDPE using the MD method. Three single models (see Figure 2.13) have been used to investigate 
the behaviours of LDPE. As a result, they found there are 100-600 CH2 units in a single LDPE chain 
(backbone) and the branch contains 16 CH2 units. They also noted that the comb shaped LPDE contains 
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more carbon atoms than other two types so that this structure can provided the better mechanical and 
physical properties.  
 
 
Figure 2.13 The schematic representing the three models of the polyethylene with well-
controlled structure and long branching (Deng et al, 2015). 
2.3.4 Aggregates in molecular dynamics simulations 
Mineral rocks have been used in the road structure as aggregates. Pan et al (2015) stated that the 
compositions of the aggregate are very complex and has diverse mineralogical composition based on 
the chemistry. Wang et al (2015) investigated the most aggregate only contain one mineral or two 
mineral such as quartzite (SiO2) and calcite (CaCO3). The calcite is the prevalent elements in limestone; 
quartz is common in sandstones which contain a high percentage of silica. Li and Greenfield (2014) 
studied the effect of aggregate components on the adhesion between bitumen and surface of aggregate. 
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They selected CaO, MgO and Al2O3 to represent different mineral. The result showed the adhesion 
performance between aggregate and bitumen is highly depended on types of mineral. However, they 
also stated the result is quite different from reality as aggregate are always composed more than one 
mineral. 
Li et al (2016) also investigated the effect of mineral types on the adhesion performance of 
bitumen-mineral system. In this study, quartz (SiO2) and calcite((CaCO3) were used to represent 
different minerals. The result indicated the interfacial adhesion performance between mineral and 
bitumen is mainly depended on the chemical property of mineral rather than the properties of bitumen. 
Gao et al (2018) investigated minerals can be classified into two main group, which are alkaline 
minerals and acidic minerals, respectively. Therefore, he decided to use four representative minerals 
instead of one simple mineral to build the interface. There has been a lot of research about asphalt by 
using MD. 
2.4 Research Gap 
In recent years, waste plastic such as LDPE have been introduced into the bitumen by using the wet 
process or dry process. McRebur claims plastic roads are better than traditional pavement in terms of 
lower maintenance cost and high engineering performance (McRebur,2018) in P38. Based on Zheng et 
al study, MD simulation is advantageous over the traditional laboratory-based method as it can help to 
understand the properties of bitumen at the molecular scale (Zheng.et al,2012) in P501. Gao et al 
summarised that the pavement performance is determined by the interfacial adhesion performance 
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between bitumen and aggregates (Gao et al,2018) in P70. In recent year, the MD simulation have been 
used to investigate the interfacial adhesion performance of asphalt binder. 
Most of the research only focus on investigating the interfacial adhesion between aggregate and 
virgin bitumen using the MD simulation, and little work refers to the combined effect of LDPE and 
bitumen aging on the interfacial adhesion between bitumen and mineral at atomistic scale. Research 
into this field is limited because there are few researchers have used the MD simulation to understand 
the properties of LDPE when it is mixed with bitumen at molecular scale. The main aim of dissertation 
is to understand the combined effect of LDPE and oxidative aging on the interfacial adhesion between 
the bitumen and aggregate using MD simulations. Therefore, the model of virgin bitumen and modified 
bitumen are both constructed according to the saturate, aromatic, resin and asphaltene (SARA) four 
fractions. Two types of mineral substrates (quartz and calcite) are employed to construct bitumen-
aggregate interfacial system. Finally, two main ways of introducing LDPE into bitumen: dry method 
and wet method are also simulated using molecular dynamics approach in the research. Therefore, this 
can help to understand if the adhesive bond energy of bitumen-mineral interface system can be affected 
by using two different processing method. 
2.5 Literature Summary  
To summarise, the literature reported the studies regarding the adhesion between the aggregate and 
bitumen component. Many present studies also indicated the LDPE modified bitumen can improve the 
properties of asphalt binder in terms of physical and engineering performance, which are favourable in 
road construction. The extensive literature reviews have examined two different processing methods 
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(e.g. wet process and dry process), which are generally used to incorporate the plastic into the bitumen. 
Also, most of the research also indicated the effect of asphalt oxidation on adhesion and cohesion at 
atomistic scale. 
Finally, the fundamental purpose of the literature review is to increase knowledge in the LDPE 
modified bitumen and understand oxidative aging and chemical property of aggregate can both affect 
the interfacial adhesive energy between aggregate and bitumen. However, there is a lack of studies to 
evaluate the combined effect of oxidative ageing and LDPE on the interfacial adhesion performance 
between aggregate and bitumen. There are few researches investigate the combined effect of chemical 
property of mineral, oxidative aging and LDPE on the interfacial adhesion between the bitumen and 
aggregate. Therefore, the dissertation will attempt to fill in the gap in the literature and broaden existing 
knowledge. 
Chapter 3 
CHAPTER 3 RESEARCH METHODOLOGY 
3.1 Molecular Dynamic (MD) Theory 
The molecular dynamic usually determines the trajectory of atoms or molecules in a system by 
integrating the motion of atoms. Yao et al（2016）applied the MD technique to simulate the 
instantaneous bitumen molecular behavior of the bitumen by elucidating the atomistic mechanisms 
which is used to determine the failure and deformation of interaction at nanoscale. The principle of MD 
simulation is the Newton’s second law of motions and statistical mechanicals. Moreover, this method 
can be used to calculate the thermodynamic performance of the bitumen, in which the motion of each 
atom in the bitumen obeys the law of classical mechanics (F=ma). 
Many force fields have been used to describe bitumen system in MD simulation. To understand 
the interatomic interactions, the condensed phase optimized molecular potential for atomistic 
simulation studies (COMPASS) force field is used in this study. This is because, the COMPASS force 
field is a simple and generic all-atom force filed to predict the interfacial interaction in the mixed system 
(Khabz et al.2015) in P10. The COMPASS force filed can also be expressed as superposition of valence 
interaction. Valence interaction is used to describe the types of interatomic interaction in atomistic 
modelling and calculate the potential energy between two atoms. Therefore, the potential energy usually 
consists of bond energy and non-bond energy as shown in the Eq. (1) 
             E = E bonded+ E non-bond                      (1) 
Where E bonded is the bonded term for covalent interactions which is primarily include bond 
stretching, dihedral and improper interaction, E non-bond refers to the non-bonded pairs of atoms 
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which describes non-covalent contributions including van der Waals, electrostatic energy, and 
other energy (Martin-Martinez et al ,2015) in P109.  
The van der Waals forces can be simulated by standard 12-6 Lennard Jones potential, which is attractive 
at large distances and repulsive once atoms are getting close together. The electrostatic interaction 
describes the interaction between the two charged atoms, which can be computed by coulomb 
interaction potential. There are some notable force fields have been applied in the molecular dynamic 
(MD) simulation, which are OPLS-AA, COMPASS, CHARMM and AMBER, respectively. The 
OPLS-AA force field is the all-atom optimized potential for liquid simulations which is a popular force 
field for simulating biomolecules. The Chemistry at Harvard macromolecular Mechanics (CHARMM) 
force field allows for generating and analyzing a wide range of molecular simulations. The most basic 
kinds of simulation are minimizing a given structure and production runs of a MD trajectory. The 
Assisted Model building with Energy Refinement (AMBER) force field is most used to simulate the 
biomolecules. However, each of these have different force constant and geometry parameters (Martin-
Martinez et al ,2015) in P109. This study used COMPASS to predict dynamic organic and inorganic 
and interface systems because the COMPASS not only has a board coverage in covalent molecules such 
as organic material and also has coverage for the inorganic material such as metal and metal oxidize. 
This force filed (Compass force field) has been used successfully to simulate asphalt binder in other 
studies (Yao et al ,2016 in P10; Gao et al 2018 in P109). 
3.1.1 Bonded interactions 
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The valence interactions include bond stretch (EB), bond-angle bend (EA), dihedral angle torsion 
(ET), and inversion terms (EI):  
Eval =EB +EA +ET +EI                                   (2) 
For bond stretch and bond-angle bend interactions, COMPASS uses a harmonic distance  




∑ 𝒌𝒊𝒋𝒃𝒐𝒏𝒅𝒃𝒐𝒏𝒅𝒔 (𝒓𝒊𝒋 − 𝒓𝒊𝒋𝟎 )𝟐                             (3) 





∑ 𝒌𝒊𝒋𝒌𝒃𝒆𝒏𝒅𝒃𝒆𝒏𝒅𝒔 (𝜽𝒊𝒋𝒌 − 𝜽𝒊𝒋𝒌𝟎 )𝟐                           (4) 
Where, 𝑘67@8A:; is the bond-angle bend force constant, for two bonds ij and jk sharing a common 
atom, 𝜃67@ is the angle between bonds ij and jk, 𝜃67@C  is the equilibrium angle.  
A dihedral angle is the angle between two intersecting planes. In chemistry, it is the angle 
between planes through two sets of three atoms, having two atoms in common. The dihedral angle 




∑ 𝑽𝒋𝒌𝒕𝒐𝒓𝒅𝒊𝒉𝒆𝒅𝒓𝒂𝒍𝒔 {𝟏 − 𝒄𝒐𝒔(𝒏𝒋𝒌(𝝋𝒋𝒌 − 𝝋𝒋𝒌𝟎 )𝟐}                (5) 
Where, 𝑉7@N9O is the barrier to rotation, 𝜑7@ is the dihedral or torsional angle between the ijk and 
jkl planes formed by two bonds ij and kl connected via common jk,𝜑7@C is the equilibrium angle. 
The inversion potential is important for atoms that are bonded to three other atoms, which 
represents the favorability of keeping all the three bonds for atom i bonded to exactly three other atoms 
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j, k, and l, in the same plane. The inversion potential for normal planar configurations is expressed in 
cosine form:  
																											𝑬𝑰 = ∑ 𝑲𝑰𝒊𝒏𝒗𝒊𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (𝟏 − 𝒄𝒐𝒔𝝍𝑰)                            (6) 
Where, 𝐾V6:W is the inversion force constant, 𝜓V is the angle between il bond and jik plane. 
3.1.2 Non-bonded interactions 
The energy interactions mentioned above, the non-bond interaction (Enb) is comprised of 
van der Waals (Evdw) and Coulomb electrostatic (EQ) interactions, as shown in the Eq (7) 
              𝑬𝒏𝒃 =	EQ+Evdw                                   (7) 
- Van der Waals Interaction 
The Van der Waals term is taken as sum of the intra and inter molecular attractive or repulsive 
interaction, which is the forces between the two atoms. The resulting Van der Waals can be calculated 
using the Lennard-Jones 9-6 potential:  










`                            (8) 
Where rij is the distance between atoms i and j. 𝑟67Cand 𝜀𝑖𝑗  denote the distance between the 
interacting sites, the Lennard- Jones well depth, and the size parameter, respectively, for the pair of 
atom i and j.  
- Electrostatic Interactions 
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The electrostatic interactions (EQ) describe the sum of Coulombic interaction between two charged 
atoms, as shown in the Eq (9) 
              EQ= ∑ 𝑸𝒊∗𝑸𝒋𝜺𝒓∗	𝑹𝒊𝒋𝒊g𝒋
                                   (9) 
Where Qi and Qj are atomic charges, Rij is the distance between atoms I and J, er is the dielectric 
constant of the medium, respectively. 
In this study, the MD simulation is conducted by Material Studio 7.0 software. All 
simulations in this study are performed at the temperature of 298k with a time step of 1fs. And 
the Ewald simulation technique are also used to apply for the electrostatic interaction. The atom-
based summation with a cut-off distance of 15.5Å is applied for the interactions of van der Waals 
(Lu &Wang ,2011). 
3.1.3 Ensembles 
An ensemble is a collection of all possible microscopic states of a system that shares similar 
thermodynamic properties such as temperature and pressure. Molecular dynamic (MD) 
simulations are performed under different ensembles, based on the physical situation one intends 
to model. In order to analysis the trajectory of atoms and molecules in a system. The 
thermodynamic state of a system and microscopic state of a system should be defined. There are 
some small set of parameters including temperature, volume and pressure are usually used to 
represent the thermodynamic state of a system. The microscopic state of in a system can be 
defined by the positions of the atoms (Fired, 2007) inP4. Ensembles such as temperature and 
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volume can collect the all possible microscopic states in a system in order to share the similar 
thermodynamic properties (wang et al, 2004) in P10. According to the physical situation, the MD 
simulation can be performed under different ensembles which are microcanonical ensemble, 
canonical ensemble and isothermal-isobaric ensemble, respectively. 
- Microcanonical Ensemble 
In the microcanonical ensemble, the NVE is used to hold constant. N represents the number 
of particles; V represents the volume of the system and E is the total energy of the system. In this 
ensemble the system volume (V), the total energy of the system (E) and the number of particles 
(N) must remain constant throughout the whole simulation. And the average kinetic energy and 
temperature can vary in the microcanonical ensemble. 
- Canonical Ensemble 
In the canonical ensemble (NVT) the constant number of particles (N), volume of the system 
(V) and temperature (T) should remain constant throughout the simulation. This ensemble can be 
used to simulate a material subject to a constant volume experiment that with heat exchange with 
the environment. 
- Isothermal-isobaric Ensemble 
The isothermal-isobaric ensemble, NPT has constant number of particles (N), pressure in the 
system (P), and temperature in the system (T). This is equivalent to a constant atmospheric 
pressure which can exchange heat with the environment.  
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3.1.4 Constant temperature and pressure controls 
Constant temperature and pressure conditions in molecular dynamics simulations are enforced 
using thermostats and barostats. In this study, Andersen and Nose-Hoover algorithms are used to 
main a constant pressure and a constant temperature, respectively.  
- Nose Hoover-Langevin (NHL) thermostat 
In this study, the temperature control can be achieved by Nose-Hoover algorithm. To control 
a constant temperature, Hoover (1980) developed a system to couple with a heat bath, allowing 
heat to be transferred back and forth between the system and heat bath.  
- Andersen barostats 
Andersen (1980) thermostat describes a physical system with weak stray interactions between the 
molecules in the system and the particles of a heat bath at a specified temperature. A stochastic method 
is implemented, where the collision to the imaginary heat bath is simulated via resetting the velocity of 
a randomly selected atom from the Maxwell-Boltzmann distribution at a certain predefined interval.  
The time between collisions is chosen from a Poisson distribution with a certain average collision 
time. When the collision interval is large, energy fluctuations will occur slowly along with the kinetic 
energy fluctuations simulating that of a conventional MD. If the collision interval is too small, the 
kinetic energy fluctuations could be too high and that in turn could slow down the speed at which the 
molecules in the system explore the configuration space. According to the extended system, Andersen 
(1990) developed a system to keep the pressure in constant. This system is coupled to an external 
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variable which is the volume of volume. This system can simulate the action of a piston on a real system, 
which is a three- dimensional (3D) virtual piston.  
3.1.5 Work of adhesion from MD simulations 
In order to analysis the adhesion between the bitumen and mineral, the work of adhesion can 
be used to characterize the adhesive bond energy. The work of adhesion reflects the 
interfacial adhesion strength which required separating a unit area of the bitumen-mineral 
interface into the surface of bitumen and surface of mineral. In the Material Studio (MS) 7.0, 
as shown in the Equation (10)-(11), the total adhesive energy between the mineral and the 
bitumen can be obtained by calculating the potential energy of bitumen and the potential 
energy of mineral (Van Gunsteren,2019). 
 E adeshion= E total-(Ebitumen+Emineral)                            (10) 
                          Wadhesion=E/A                        (11) 
Where is the interfacial energy between bitumen and mineral; E total is the total potential 
energy of bitumen-mineral system, E bitumen represents the potential energy of bitumen and E 
mineral represents the potential energy of mineral, W adhesion is the work of adhesion of the 
interface between the bitumen and aggregate, and A is the contact area between surface of 
mineral and the surface of bitumen. 
Gao. et al (2018) stated the total potential energy included valence bond and non-bond 
energy. Valence bond energy generally consists of out-of-plane bending and bond 
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extensibility. As shown in the Equation (2), Non-bond energy consists of van der Waals 
energy and Coulomb electrostatic energy. In this study, the adhesive energy of bitumen-
mineral system is only made up of non-bond energy after calculation. In this study, all the 
simulation results of interfacial energy between the bitumen and mineral are positive which 
means there is a strong mutual attraction between the bitumen and the mineral. Moreover, in 
this study, the higher value of E represents the better interfacial adhesion performance 
between aggregate and bitumen. 
3.2 Building Component Molecular Models 
3.2.1 Modelling virgin bitumen components 
According to the studies by Li and Greenfield (2013) and Martin-Martinez et al (2015), the virgin 
bitumen model was built by using the propositions in those two studies. Therefore, the models 
proposed in those two studies were used to build the bitumen models without adding oxygen. The 
asphaltenes and saturate molecules are taken from Li and Greenfield (2013). The aromatic and 
resins molecules are taken from Martin-Martinez et al (2015). Figure 3.1 to Figure 3.4 show the 
molecular structure of asphaltenes, saturate, aromatic, and resins molecules respectively. As can 
be seen from the figures, the black atoms are carbons; the white atoms are hydrogen; the red 

















Figure 3.1 Molecular structures of asphaltene fraction: AS-1 asphaltene-phenol, C42H54O, AS-2 


































Figure 3.4. Molecular structures of resin fraction RE-1, quinolinohopane; RE-2, 
thioisorenieratane; RE-3, benzobisbenzothiophene; RE-4, pyridinohopane; RE-5, 
trimethylbenzeneoxane. 
3.2.2 Modelling Oxidized Bitumen Components 
As previously stated, the oxidized bitumen molecules were developed by introducing 
additional oxygen atoms into its existing sensitive chemical functional groups. Therefore, as 
shown in the Figure 3.5 there are two oxidative products have been formed in bitumen system 
after aging: One is ketones formed at benzylic carbon atoms which adjacent to aromatic ring 
systems, and sulfoxides formed at sulfide (Pan et al ,2010). As a result, there are different 
number of oxygen atoms were added to the different sensitive function group. Peteresen 
(2009) found when adding more oxygen atoms into the virgin bitumen system, there are few 
asphaltene molecules changed to resins, and resins fraction changed to the aromatics. 





Figure 3.5 Oxidation of sensitive function groups in the virgin bitumen (a) formation of 
ketone and (b) formation of sulfoxide (Pan and Tarefder,2016). 
Based on the stated as above, the fraction of aromatics, resin and asphaltenes in the 
bitumen have been developed by adding oxygen atoms into sensitive functional groups. As 
can be seen from Figure 3.6 to Figure 3.8 as below, the ketones and sulfoxides have been 
created after oxidative aging in each bitumen molecule. And the saturates have no changes 
after aging due to no sensitive function groups within it.  











Figure 3.6. Asphaltene fraction after oxidative aging: (a) oxidized asphaltene-phenol, 
C42H46O5, (b) oxidized asphaltene-pyrrole, C66H67NO7, and (c) oxidized asphaltene- 
thiophene, C51H54SO5 













Figure 3.7. Resin fraction after oxidative aging: (a) oxidized quinolinohopane, 
C40H55NO2, (b) oxidized pyridinohopane, C36H53NO2, (c) oxidized benzobisbenzothiophene, 









Figure 3.8 Aromatic fraction after oxidative aging: (a) oxidized PHPN, C35H36O4 and (b) 
oxidized DOCHN, C30H42O2 
3.2.3 Modelling Low-density of polyethylene (LDPE) components 
Based on the investigation from Zhang et al (2002), a LDPE molecule usually contains 100-
500 CH2 units under the temperature 300k. As stated in the Section 2, some studies have 
stated that the low-density polyethylene (LDPE) is a highly branched structure. There are 
three common structures have been used in the MD, which are star shaped LDPE, H shaped 
LDPE and comb shaped LDPE, respectively (see Figure 2.13). Few studies have shown the 
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comb-shaped LDPE has a better performance than other two types, so the comb-shaped 
LDPE has been widely applied in the molecular dynamic (MD) simulation (Moyassari et al, 
2019). Sun.et al (2019) stated the length of branch in the LDPE cannot up to 16 carbon atoms 
as it could cause the co-polyethylene crystallization.  
In order to simulate a well-structured LDPE, a comb-shaped LDPE with 160CH2 units 
is used in this study. Due to the structure of comb -shaped LDPE molecule has been presented 
by Sun et al (2019), the structure of comb-shaped LDPE molecule in this study is used in this 
study. Figure 3.7 shows the backbone of comb-shaped LDPE contains 130CH2 units and two 
branches site randomly distributed along the backbone, each branch contains 15 CH2 units. 
The black sticks represent the carbon atoms and the white sticks are hydrogen atoms (see 
Figure 3.7). 
 
Figure 3.7 The model of comb-shaped low-density polyethylene (160CH2 units) with two 
branches. 
3.3 Building System Molecular Model 
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3.3.1 Parameter setting in molecular dynamics simulations 
According to the investigation from Rakesh (2009), different parameters such as pressure 
temperature, cutoff radius and simulation time step could all affect the simulation results. 
Therefore, in this study, system temperature was set at 298k under the pressure of 1.0atm (101.325 
kPa). The smooth particle mesh Ewald (SPME) method is used for handling long-range electrostatic 
and van der Waals interactions.  
In order to minimize the effect of cutoff radius on the simulation result, the cutoff was 
considered as 15.5Å so that two atoms cannot meet two copies of another atom or other molecules 
(Lu& wang.2011). Moreover, the time of simulation was set as 1.0 fs time step and with simulation 
duration of 200 Ps (200,000 running step) for all the simulation. An isothermal-isobaric ensemble, 
also called NPT ensemble, was then used to simulate the realistic asphalt systems and to obtain the 
densities of asphalt systems. The simulation time step under the NPT ensemble was set at 1 fs with 
simulation duration of 200 ps (200,000 running steps) to guarantee the system could reach equilibrium.  
3.3.2 Bitumen system modelling 
Based on Li and Greenfiled’s (2014) study, they proposed the SHRP AAA-1 model bitumen 
is the closet to the real bitumen molecule. As a result, this model is selected for this study. 
To understand the combined effect of LDPE and oxidative aging on adhesion performance 
between mineral and bitumen, the virgin bitumen, pressure aging vessel (PAV) aged virgin 
bitumen, LDPE modified virgin bitumen and pressure aging vessel aged LDPE modified 
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bitumen are selected to analysis in the study. The SARA mass fractions and LDPE content 
for each model are shown in the Table 4. 
Table 4. SARA mass fractions and LDPE content of four bitumen model systems. 
Virgin bitumen PAV aged virgin bitumen LDPE modified unoxidized 
bitumen 
LDPE modified oxidized 
bitumen 
component %content Component %content Component %content Component %content 
Saturate 10.7 Saturate 10.7 Saturate 9.45 Saturate 9.45 
Aromatics 38.1 Aromatics 37.3 Aromatics 36.85 Aromatics 35.95 
Resins 30.6 Resins 31.1 Resins 29.35 Resins 29.85 
Asphaltenes 16.5 Asphaltenes 16.9 Asphaltenes 15.25 Asphaltenes 15.65 
    LDPE 5 LDPE 5 
As can be seen from Table 4, the mass percentage of Asphaltenes fractions is decreased 
after the aging process. This can indicate that the more polar fractions are formed in the 
asphalt after aging. The aim of this study is to understand the combined effect of both 
oxidative aging and additional LDPE on the cohesive energy of virgin bitumen. Therefore, 
the LDPE (9%) molecules is introduced into both virgin bitumen model and oxidized 
bitumen model. Based on the bitumen model developed by Li and Greenfiled (2014), the 
number of each type of molecules have been developed so that the content of LDPE can be 
achieved 9% for each model. The actual number of each fraction for each model has been 
shown in Table 5.  
Table 5. Molecular composition for each bitumen system model (VBa-Virgin bitumen, 
OBb- Oxidised bitumen, LMVBc-LDPE modified virgin bitumen, LMOBd-LDPE 
modified oxidized bitumen.) 
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Molecules in model 
Molecular 
formula 
Number of molecules 
VBa OBb LMVBc LMOBd 
Saturate 
Squalane   C30H62 8 8 8 8 
Hopane C29H50 8 8 8 8 
Aromatic 
PHPN C35H44 22 0 22 0 
Oxidised PHPN  C35H36O4 0 22 0 22 
DOCHN C30H46 26 0 26 0 




Quinolinohopane C40H59N 8 0 8 0 
Oxidised 
Quinolinohopane 
C40H55NO2 0 8 0 8 
Thioisorenieratane C40H60S 8 0 8 0 
Oxidised 
Thioisorenieratane 
C40H56SO3 0 8 0 8 
Benzobisbenzothiophene C18H10S2 30 0 30 0 
Oxidised 
Benzobisbenzothiophene 
C18H10S2O2 0 30 0 30 
Pyridinohopane C36H57N 8 0 8 0 
Oxidised Pyridinohopane C36H53NO2 0 8 0 8 
Trimethylbenzene-oxane C29H50O 10 0 10 0 
Oxidised 
Trimethylbenzene-oxane 
C29H48O2 0 10 0 10 
Asphaltene 
Asphaltene-phenol C42H50O 6 0 6 0 
Oxidised Asphaltene-
phenol 
C42H46O5 0 6 0 6 
Asphaltene-pyrrole C66H81N 4 0 4 0 
Oxidised Asphaltene-
pyrrole 
C66H67NO7 0 4 0 4 
Asphaltene-thiophene C51H62S 6 0 6 0 
Oxidised Asphaltene-
thiophene 





LDPE CH2 0 0 5 5 
Firstly, all the unoxidized bitumen molecules are placed into a cubic simulation box and the 
initial density is set as 0.1g/cm3 so that all unoxidized bitumen molecules can be distributed 
randomly in the cubic box. In order to remove all non-bonded overlapping between different 
molecules, the virgin bitumen system model is obtained along with a geometry optimization 
process. In this process, the COMPASS force field is conduced to minimize the system energy 
with 5000 interactions. Thereafter, an isothermal-isobaric ensemble, which called NPE ensemble 
is also used for the simulation for 200ps with 1.0fs time steps (200,000 running steps). This process 
can make the amorphous bitumen system to close the realistic bitumen system and to obtain the realistic 
densities of virgin bitumen system. Finally, the canonical ensemble (NVT) is used to guarantee the 
virgin bitumen model can be reached an equilibrium. The duration of simulation is set as 200ps with 
1.0fs (2,000,000 running steps). 
All the MD simulations are performed under the 298K temperature and a pressure of 101.325 kPa 
(1.0atm) and the size of simulation box is selected 100×100×100Åi so that it is large enough to contain 
all the molecules. For the aged unmodified bitumen model, all oxidized components (see Table 5) will 
be assigned in this model. And the aged virgin bitumen model is built by following the same procedure 
as the virgin bitumen model. 
According to John (2006) study, LDPE modified asphalt using the wet process can be produced 
by mixing the LDPE into the bitumen directly. Therefore, in order to simulate the model of LDPE 
modified virgin bitumen and model of LDPE modified oxidized bitumen, the extra five LDPE 
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molecules is introduced into the two different models, respectively. Therefore, the unoxidized and the 
oxidized components are placed into their individual simulation box with five LDPE molecules (9% 
weight) to represent LDPE modified unoxidized bitumen model and LDPE modified oxidized bitumen 
model. The method of MD simulation for these two modules are following same procedure as the virgin 
bitumen model bitumen system. Figure 3.9 shows the four-final structure of model bitumen systems 
after NPT simulation. 
a b  
c d  
Figure 3.9 Four models built for MD simulation (a) Virgin bitumen model, (b) 
oxidized unmodified bitumen model (c) LDPE modified virgin bitumen model (d) 
LDPE modified oxidized bitumen model. 
3.3.3 Aggregate System Modelling 
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According to the stated in the chapter 2, The aggregate has been widely used in the pavement 
industry. Based on the chemistry, mineralogy and petrology, Aggerates have diverse 
mineralogical composition. Deng et al (2012) investigated the interfacial adhesive energy 
between the aggregate and bitumen highly relies on the chemical composition of aggregate. 
Some aggregate has high purity as they only contain one type of mineral such as quartz (SiO2) 
or Calcite (CaCO3). However, there are few aggregates which contain more than one types 
of mineral. Tombacz (2002) summarized that each mineral has unique chemical composition 
so that there are non-polar and polar active sites on different types of minerals.  
 Miller et al (2012) stated there are eight common chemical elements in the aggregate 
which are oxygen, silicon, aluminum, iron, calcium, sodium, potassium and magnesium. 
Natural mineral is normally crystalline, and the crystal structure of mineral depends on the 
internal atomic arrangement. The crystal structure of mineral can influence the performance 
of aggerate as it affects the mineral’s property. In this study, the quartz and calcite are 
selected as these two types of mineral which is generally existing in the aggregate and present 
polar active sites or non-polar active sites. In this study, all selected minerals are performed 
in a box called unit cell. The box includes the six lattice parameters (length a, b, c and angle) 
and chemical components (Oxygen, Silica, Carbon and Calcium). Table 6 shows the six 
lattice parameters for these two representative minerals. 
Table 6 The six parameters of two minerals in MD simulation  
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a = b = 4.910 Å, c = 
5.402Å 




a = b = 4.990 Å, c = 
17.046Å 
a = b = 90, c = 120 
CaCO3 
To construct the mineral supercell, the bulk crystal is first inserted and cleaved along 
Miller plane to expose the surface for quartz and calcite. Secondly, the geometry optimization 
is conducted first and the mineral surface is realized and extended to create two-dimension 
(2D) structure by repeating the number of unit cell in x and y direction. Moreover, a vacuum 
layer of 0	Å is included above the extended surface of mineral to create a mineral block 
called supercell so that the supercell can be presented with periodic boundary condition. 






Figure 3.10. two mineral model used for the simulation (a). Quartz a=54.67, b=64.12 
c=21.9.  (b). Calcite a=b=53.26, c=23.9. 
3.4 Building Bitumen-Mineral Interface Molecular Models 
In this study, there are twelve different bitumen-mineral interface systems are built in order 
to understand the following aims of this study: 
1. The effect of oxidative aging on work of adhesion between aggregate and bitumen. 
2. The effect of LDPE processed by dry and wet methods on work of adhesion between 
aggregate and bitumen. 
3. Combined effects of LDPE and oxidative aging on bitumen-mineral interfacial adhesion 
using the two processing methods. 
Therefore, based on the aims of this study, these twelve systems can be further subdivided 
into three groups.  
3.4.1 Virgin or oxidized bitumen-mineral interface systems 
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To construct the virgin or oxidized bitumen-mineral interface system, a confined layer of 
bitumen is built with the same width and length as the mineral layer. And then, for the model 
construction, a confined layer of virgin or oxidized bitumen model is combined with mineral 
layer by using ‘build layer’ tool and then a vacuum layer with thickness 70Å is added on the 
top of bitumen layer to avoid interaction across the mirror image in the z-direction.  
To establish the layer structure, calculation the geometry optimization is very necessary. 
The main reason is the mineral surface and bitumen layer have been optimized but the 
confined layer of mineral is constrained as it is not optimized. After geometry optimization 
process, the bitumen-mineral interface system has reached stability and electron energy 
minimization. And then, the interface system is subjected to NVT equilibration with 
additional 200ps for further trajectory analysis and calculation. The duration of simulation is 
demonstrated to be sufficiently long and the trajectory files are used to calculate the adhesive 
energy between bitumen layer and mineral layer after the NVT simulation. After NVT 
simulation, there are 20 frames are output as there are one frame is outputted with an average 
of 10ps. All the simulations in this study are performed under 298k with a step of 1.0fs. The 
four-interfaced bitumen-aggregate systems are illustrated in Figure 3.11.  
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a) b)  
c) d)  
Figure 3.11 the virgin or oxidized bitumen-mineral interface systems (a) the virgin 
bitumen-quartz model, (b) the oxidized bitumen-quartz model, (c) the virgin bitumen-
Calcite model, (d) the oxidized bitumen-calcite model. 




For understanding the LDPE modified aged bitumen and LDPE modified virgin bitumen 
(wet mixing process), there are four bitumen-mineral system models have been constructed. 
As stated in the section 3.6, the five LDPE molecules (9% weight) are added into either 
oxidized bitumen model or virgin bitumen model to create two confined layers which are 
LDPE modified virgin bitumen confined layer and LDPE modified aged bitumen confined 
layer, respectively. Once the LDPE-bitumen layers are built, these two confined layers are 
subjected to a geometry optimization with NVT ensemble in order to equilibrate the system.  
The bitumen-LDPE layer is constructed with the same length and width as the confined 
layer of mineral. As mentioned above, a vacuum layer is placed upon the top of the confined 
layer of modified bitumen or modified oxidized bitumen. Finally, the LDPE modified 
bitumen-mineral system and LDPE modified aged bitumen-mineral system are both 
following the same steps as the unmodified bitumen-mineral systems. Figure 3.12 shows the 




a) b)  
b) d）  
Figure 3.12 the LDPE modified virgin or LDPE modified oxidized bitumen-mineral 
interface systems (a) the LDPE modified virgin bitumen-quartz model, (b) the LDPE 
modified oxidized bitumen-quartz model, (c) the LDPE modified virgin bitumen-
Calcite model, (d) the LDPE modified oxidized bitumen-calcite model. 
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3.4.3 LDPE modified virgin or oxidized bitumen-mineral interface systems - dry 
Process 
As stated in the Chapter 2, the LDPE can be introduced into the asphalt using the dry process. 
In comparison with the wet process, the LDPE general are poured over the aggregate in order 
to form LDPE coated aggregate before adding bitumen (see Figure 3.13). Therefore, for 
reasonable model construction, a confined LDPE layer is attached to the mineral substrate 
forming the LDPE coated mineral layer. And then the LDPE coated mineral layer is attached 
to the bitumen layer. 
 
Figure 3.13 Flow chart of dry process (Nigam.S. et al, 2009). 
3.4.3.1 LDPE - mineral interface (LDPE coated mineral). 
In order to construct the LDPE-mineral interface system models, a thin confined layer with 
10 molecules of LDPE is constructed with thickness of 15Å. The number of LDPE molecules 
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is determined by about 18% mass of bitumen. Also, the LDPE confined layer is also built 
with the similar surface area as the confined layer of mineral. Finally, a vacuum slab with 
70Å	 is placed over the top surface of the LDPE layer.  Once the LDPE coated mineral 
models are built, the models are subjected to the geometry optimization. After that, the 
interface systems are subjected to dynamic equilibration with NVT ensemble for 200ps with 
1.0fs under the 298k temperature. Figure3.14 shows the interface systems for LDPE with 
two minerals at stable state. 
a)  
b)  
Figure 3.14. Interface systems between LDPE and minerals. (a). LDPE- quartz model. 




3.4.3.2 Bitumen – LDPE coated mineral interface 
Once the developed LDPE-mineral interface has been constructed, the bitumen-LDPE coated 
mineral interface system models can be built. Firstly, the virgin bitumen or oxidized bitumen 
layer is built with the similar surface to the layer of LDPE coated mineral. And then, the 
unmodified virgin or unmodified oxidized bitumen layer is optimized by using the geometry 
optimization and then followed by an NVT equilibration for 200ps. Thereafter, the developed 
virgin or bitumen layer is combined with the LDPE coated mineral model. A vacuum layer 
with thickness of 70Å was also attached on the top of the layer of bitumen. And the new 
models are built with the same procedures as the unmodified bitumen-mineral systems (see 







Figure 3.15 Interface system between bitumen and LDPE coated mineral. (a). virgin 
Bitumen- LDPE-Quartz. (b) Oxidized bitumen-LDPE-Quartz. (c) virgin bitumen-
LDPE-Calcite. (d). Oxidized bitumen-LDPE-Calcite. 
3.5 Methodology Summary 
To summary, this chapter has discussed the research methodology undertaken by the 
researcher so that these can be used to achieve the aims of this study. In this chapter, the 
theory of molecular dynamic (MD) simulation has been explored. Secondly, the key 
parameters and formulas are also analyzed. Finally, all models built by the MD simulation 
which used in this research are also demonstrated. 
Chapter 4 
Chapter 4 Data Analysis and Discussion 
This chapter is discussed the results from the molecular dynamic (MD) simulations. This 
chapter is divided into the following parts: 
1. Cohesive energy density within the bitumen & LDPE modified bitumen 
2. Work of adhesion between the bitumen and minerals 
4.1 Cohesive Energy Density (CED) 
In MD simulations, the cohesive energy density can be defined as the increase in energy once 
all intermolecular forces are eliminated. As stated in the Chapter 2, the cohesion plays a vital 
role in the asphalt binder as it can affect the adhesive bond energy between the bitumen and 
minerals. Therefore, in this study, the cohesive energy density (CED) is used to measure the 
cohesive energy per unit volume in order to under understand the intermolecular force 
between atoms inside a bitumen molecule model. When calculating the CED value for a 
bitumen model, it is important that non-bond interaction within the bitumen has been taken 
account. Normally, the intermolecular interaction within the bitumen bulk include the van 
der Waals and electrostatic components.  
4.1.1 Effect of oxidative ageing on cohesive energy density  





Figure 4.1 Cohesive energy density (CED) of virgin and oxidized bitumen (Total 
cohesive energy density= van der Waals energy + Electrostatic energy) 
In this simulation, it is seen that the value of cohesive energy density (CED) increase 
with the aging (simulated by adding oxygen atoms into the virgin bitumen). For example, the 
calculated CED value for the virgin bitumen is the 3.068 x 108 j/cm3. However, when the 
additional oxygen atoms are introduced into the virgin bitumen system, the CED value 
reaches to the 3.426 x 108 J/cm3. The results tie well with previous studies. Mac Green (2012) 
indicated that the intermolecular bonding in the bitumen would increase when the oxygen 
atoms are introduced into the bitumen. The results also show that the CED is attributed to 
the non-bond interaction which consists of van der Waals interaction and electrostatic 
interaction. The main reason is the additional oxygen atoms can increase the both molecular 
weight and polarity of oxidized is much higher than the virgin bitumen. The van der Waals 
interaction is primary element of the intermolecular bonding in the bitumen. Moreover, from 
Virgin bitumen Oxidized bitumen
Total Cohesive energy density 3.068 3.426


























previous studies, the oxygen atom is the more electronegative atoms as the bonds are polar 
so it also can also increase the polarity, which results in a higher electrostatic intermolecular 
interaction in bitumen model (Gao et al ,2018). 
4.1.2 Combined effects of oxidative aging and LDPE on cohesion energy density. 
Literatures stated the LDPE can be mixed into the virgin bitumen directly using the wet 
process. Therefore, this study helps to understand if the LDPE can affect the CED value in 
the bitumen at different aging state by using wet process. As previous explanation, the CED 
value increases with the increasing oxidation aging level, resulting in the stronger cohesive 
energy of oxidized bitumen compared to the virgin bitumen. The Figure 4.2 shows the 
calculated CED values for different bitumen models. 
 
Figure 4.2 Cohesive energy density (CED) of virgin bitumen, oxidized bitumen, LDPE 
modified bitumen and oxidized LDPE modified bitumen (Total cohesive energy 













Total Cohesive energy density 3.068 3.426 3.212 3.539
Van der Waals 2.967 3.188 3.109 3.238

























It is seen that the increase in LDPE content (by 9% weight) of asphalt binder led to an 
increase in cohesive energy density of the system. This is because CED value for virgin 
bitumen without aging is 3.068 x 108 J/cm3, while the CED value for LDPE modified virgin 
bitumen is 3.212 x 108 j/cm3. Additionally, the CED value for unmodified oxidized bitumen 
is 3.246 x 108 j/cm3 and the value of CED for LDPE modified oxidized bitumen is 3.529 x 
108 j/cm3. Therefore, the results can be explained by the increase in intermolecular 
interactions due to the presence of LDPE molecules (9% weight). This is because the addition  
of LDPE molecules in the bitumen can lead to the higher portion of densely bitumen models. 
The LDPE molecules are non-polar molecules so it can only improve the molecular weight 
of bitumen model so that the van der Waals energy is increased after adding the LDPE 
molecules. However, Figure 4.2 also illustrates the electrostatic energy is also increased by 
a small amount after adding the five LDPE molecules. This is due to that, when the LDPE 
molecules applied into the oxidized bitumen model or virgin bitumen model, the distance 
between the molecules within the bitumen is getting closer. According to Eq (4), a smaller 
distance between the two molecules or atoms can increase the electrostatic energy. For 
example, if the distance between two heteroatoms is decrease, it can increase the polar bond 
energy between two heteroatoms so that it leads to increase in the electrostatic energy within 
the bitumen.  
Therefore, these results obtained by adding the LDPE molecules and increasing oxygen 
content are both in a good agreement with the stiffening effect of bitumen mixture as the 




mixing with LDPE molecules. This result shows the server agglomeration of the bitumen 
could be caused when both adding the LDPE molecules and oxygen atoms into the virgin 
bitumen. 
4.2. Work of Adhesion between Bitumen and Minerals 
According to the Eq (1) and Eq (2), the total adhesive energy between the mineral and 
bitumen equals to the summation of non-bond energy and valance energy. However, in this 
study, the results indicate that the total adhesive energy equals to the non-bond energy 
including the van der Waals and electrostatic energy. This finding is also reported by the Gao 
et al (2008)’s study. Therefore, the total interfacial adhesion is purely resulted from the both 
van der Waals and electrostatic energy. In order to analysis if the different types of mineral 
can affect the adhesive energy between the mineral and bitumen, this section is divided into 
two parts, which are the work of adhesion for quartz-bitumen system and the work of 
adhesion for calcite-bitumen system, respectively.  
4.2.1 Bitumen-Quartz adhesion 
- Effect of oxidative aging on bitumen-quartz interface adhesion 
To analysis the adhesion performance between the surface of quartz and surface of bitumen, 
the MD simulations have been used to calculate the work of adhesion for the quartz-bitumen 






Figure 4.3 Work of adhesion for bitumen-quartz at different aging states (Non-
bonded energy= adhesive energy= Van der Waals energy+ electrostatic energy.) 
The Figure 4.3 illustrates that the oxidation level has a significant effect on adhesion 
performance between bitumen and quartz. This finding is consistent with that of Yi et al 
(2012) who found that the incorporation of extra oxygen atoms into the bitumen can weaken 
the bonding performance between the quartz and bitumen. Bitumen and quartz interact with 
each other mainly by van der wails energy, while the electrostatic energy plays negligible.  
According to previous literature, the different types of mineral have different electric 
properties. Compare to the calcite-bitumen interface, the quartz is an electrically natural 
mineral so there is a weak electrostatic interaction between quartz and bitumen. The 
decreased work of adhesion is fundamentally caused by the decreased the van der Waals 
energy between bitumen and quartz when bitumen becomes aged. Therefore, the proportion 
Quartz- Vrigin bitumen Quartz- Oxidize bitumen
Work of Adhesion -total 35.1 23.31
Work of Adhesion- Van der Waals 35.028 22.09


































of resin and asphaltene fractions increased with the decreased proportion of aromatic and 
saturate. Therefore, as shown in the Figure 4.3, the work of adhesion between the virgin 
bitumen and quartz is 35.1mJ/m2, which is much greater than the interface between the 
oxidized bitumen and quartz (23.31 mJ/m2). According to the Eq (3), several studies 
presented that the center-to-center distance between the mass of bitumen and the mineral 
matrix can help to understand the variation for the bitumen-mineral models (Mizababaei 
2017, Gao et al 2018). In this study, the center-to-center distance between the quartz matrix 
and bitumen mass is computed. As shown in the table 7, the center to center distance between 
the virgin bitumen and quartz is 41.14Å and 45.38Å	for the oxidized bitumen-quartz system.      
As stated in the last section, the bitumen becomes aged can cause server agglomeration 
of the bitumen molecules as compare to the virgin bitumen. This is because the additional 
oxygen atoms can enhance the cohesive energy density in the virgin bitumen. Therefore, the 
distance between the center of mass of the bitumen and matrix of quartz is getting bigger 
when the additional oxygen atoms are introduced into the virgin bitumen. As a result, based 
on the Eq (4), the greater distance between the bitumen and quartz can reduce the van der 
Waals energy between the surface of bitumen and the surface of the quartz and eventually 
weakens the work of adhesion between the bitumen and quartz. Figure 4.3 shows the 
electrostatic energy is increased slightly because more resin and asphaltene fractions are 
formed in the oxidized bitumen.  
The van der Waals energy is the primary component of the interfacial adhesion between 




process, it still contributes little to the work of adhesion between the quartz and bitumen. 
Therefore, the work of adhesion of the bitumen-quartz model is decreased with the higher 
oxidation level. 



















- Effect of LDPE on bitumen-quartz interface adhesion 
To study the effect of Low-density polyethylene (LDPE) on the virgin bitumen-quartz 




virgin bitumen-Quartz interface are used in the MD simulation in order to understand 
whether introducing LDPE into the bitumen can help improve the work of adhesion of 
bitumen-quartz system by using two mixing process, which are dry process and wet 
process, respectively.  
(1) Effect of LDPE on bitumen-quartz interface adhesion (by Wet process) 
In reviewing the literature, the LDPE could be introduced into the bitumen directly by 
using the wet process. Figure 4.4 shows the work of adhesion of the bitumen-quartz 
interface model with or without LDPE molecules. 
 
Figure 4.4 Work of adhesion of the bitumen-quartz model with or without LDPE 
molecules. 
As stated in the chapter 3, there are 5 LDPE molecules are introduced into the virgin 
bitumen bulk model. Figure 4.4 shows the work of adhesion between the LDPE modified 
Quartz- Vrigin bitumen Quartz- LDPE modifed virginbitumen (wet Method)
Work of Adhesion -total 35.1 38.86
Work of Adhesion- Van der Waals 35.028 38.841
































bitumen and quartz is slightly higher than that of virgin model, Quartz is an acidic mineral 
having a strong van der Waals interaction with LDPE modified bitumen. 
The increased the work of adhesion is caused by the increased van der Waals energy 
between the bitumen and quartz. Previous study has indicated the LDPE is a nonpolar 
molecule as it only consists of nonpolar and high molecular weight hydrocarbons, the chains 
of LDPE molecules are highly branches and results in much higher van der Waals energy. 
As a result, the van der Waals energy between quartz and bitumen is increased by adding the 
LDPE molecules and eventually improves the work of adhesion of bitumen-quartz model. 
LDPE molecule is purely compounded from carbon atoms and hydrogen atoms. Therefore, 
adding 5 LDPE molecules into the virgin bitumen cannot lead to form any polar functional 
groups so that the LDPE cannot cause a higher atomic charge in the bitumen. According to 
the Eq (3), the van der Waals energy is inversely proportional to the center -to- center 
distance, which means the higher van der Waals energy leads to a smaller distance between 
the bitumen mass and quartz matrix. Table 8 indicated the center -to- center distance is 
decreased from 41.14Å for the virgin bitumen-quartz model to the 37.16 Å for the LDPE 
modified virgin bitumen- quartz model.  
Table 8 Center to center distance between LDPE modified bitumen mass or virgin 























As state above, the quartz is an acidic mineral. For acidic mineral, Van der Waal is the 
major contributor for the adhesion between the bitumen and quartz. And the LDPE molecule 
is also a non-polar molecule so that it can only improve the work of adhesion by increase the 
van der Waals energy. In this case, the electrostatic interaction of acidic mineral with the 
acidic bitumen is weak.  However, it can be found from Figure 4.4, the electrostatic energy 
is also increased with adding the LDPE molecules. This is because, the electrostatic energy 
is also inversely proportional to the distance between the two atoms. A smaller distance 
between the bitumen and quartz causes the stronger electrostatic interaction for the bitumen-
quartz model, while if the bitumen is modified by the LDPE, the electrostatic energy is still 




(2) Effect of Low-density polyethylene (LDPE) on bitumen-quartz interface adhesion 
(by Dry process) 
As stated in the last chapter, the 10 LDPE molecules (18wt%) is placed on the surface of 
quartz layer. This is because, in the dry process, the LDPE is usually coated on the surface 
of mineral before the mineral mixes with the bitumen. To understand the effect of LDPE on 
the work of adhesion between the quartz and virgin bitumen. The work of adhesion of quartz-
LDPE-Bitumen model is calculated using the MD simulation and the results are compared 
with the work of adhesion for Quartz-Virgin bitumen model. In this study, the work of 
adhesion between the bitumen + LDPE and quartz and the work of adhesion between Quartz 
+ LDPE and bitumen are both calculated because the interfacial adhesion between LDPE and 
quartz and the interfacial adhesion between LDPE and bitumen are two key factors 
influencing adhesion performance. 
It can be seen from the Figure 4.5, the work of adhesion for the Quartz+LDPE-bitumen 
interface system is 79.448 mJ/m2, which shows there is a significant improvement in 
comparison with the work of adhesion for quartz-virgin bitumen interface model. Figure 4.5 
also indicates that the van der Waals plays a major part for Quartz+LDPE-bitumen interface 
systems, while the electrostatic energy is the negligible. This is fundamentally due to that the 
chemical formula of the LDPE molecule is (C2H4)n , which only consists of carbon atoms and 
hydrogen atoms. Additionally, the thickness of LDPE layer is 15.16Å so that the quartz and 




Figure 4.5 also shows the work of adhesion between the quartz and LDPE+ bitumen is 
32.17mJ/m2, which is lower than that of quartz-bitumen model. This is because the van der Waals 
energy for the Quartz-LDPE+bitumen is reduced compares to the van der Waals energy for virgin 
bitumen-quartz model. According to the Eq 4 and Eq 5, the electrostatic and van der Waals are 
both inversely proportional to the distance between two atoms. As shown in the Table 9, the 
center-to-center distance is 41.14Å for bitumen-quartz model, which is smaller than the distance 
between quartz- LDPE and bitumen (41.16	Å). Thus, it can be inferred that the distance between 
quartz and bitumen is getting bigger after adding LDPE molecules. In this case, the work of 
adhesion for the quartz-bitumen model could be reduced by adding the 10 LDPE 
molecules(18wt%). Therefore, the adhesion performance of the quartz-LDPE-Bitumen model 
could be determined by the Quartz-LDPE+bitumen interface system. Although, the interfacial 
adhesion energy decreased with the decrease of van der Waals energy and electrostatic force, the 
van de Waals energy still constitutes a major part in Quartz-LDPE-bitumen model, while 
electrostatic energy takes up a small proportion. As stated above, the bitumen and quartz cannot 
interact with each other because the thickness of layer of LDPE is more than15Å .This is 
reasonable that the van der Waals energy is the main factor determining adhesion performance 
between the Bitumen+ LDPE and quartz and it can be explained by the acid-base theory that 
quartz is acidic mineral and there are non-polar dipoles present in LDPE molecules. 
Figure 4.5 also indicates the work of adhesion for the bitumen+ LDPE- quartz interface 
system and the work of adhesion for the Quartz+ LDPE-bitumen interface system. From Figure 




effect on the adhesion performance for the bitumen-LDPE- quartz model as there is a relatively 
weak bond energy between the quartz and LDPE. This is because the work of adhesion is reduced 
from 35.1mJ/m2 for the virgin bitumen-quartz model to 32.17 mJ/m2 for the Bitumen +LDPE-
quartz model (see Figure 4.5). This result indicated that the incorporation the LDPE into asphalt 
binder by dry process cannot help to improve the adhesion performance of asphalt mixture. 
1 
Figure 4.5 Work of adhesion of the bitumen-quartz model with or without LDPE 
molecules (dry process). 
Table 9. Center to center distance between LDPE modified bitumen mass or virgin 
bitumen mass and quartz matrix (1	Å = 1×10-10m). 
 
1  
Quartz- Vrigin bitumen Quartz- LDPE +bitumen Quartz+LDPE-bitumen
Work of Adhesion -total 35.1 32.17 73.49
Work of Adhesion- Van der Waals 35.028 32.17 73.488




















































As stated above, the incorporation of LDPE into the asphalt binder by wet process can 
improve the adhesion performance for quartz -bitumen model. In contrast, the presence of 
LDPE molecules (by dry method) could separate the bitumen from the quartz so that the 
adhesion performance of quartz-LDPE-bitumen interface model is determined by the 
adhesion interaction between the quartz and LDPE +bitumen because there is a relative weak 
van der Waals interaction between the quartz and LDPE, leading to the very weak adhesive 




- Combined effects of LDPE and oxidative aging on bitumen-quartz interface 
adhesion 
To clearly describe the combined effects of LDPE and oxidative aging on the bitumen-quartz 
interface adhesion, the LDPE molecules are introduced into the oxidized bitumen – quartz 
model by using two different mixing process.  
(1) Combined Effects of LDPE and oxidative aging on bitumen-quartz interface 
adhesion (by Wet process). 
 
 
Figure 4.6 Work of adhesion of the unmodified or modified bitumen-quartz models at 

















Work of Adhesion -total 35.1 23.31 38.86 33.97
Work of Adhesion- Van der
Waals 35.028 22.09 38.841 30.63




































Figure 4.6 shows the work of adhesion of the bitumen-quartz interface models at 
different oxidation levels with or without LDPE. It can be seen from the Figure 4.6; the work 
of adhesion is reduced from 38.86mJ/m2 for LDPE modified virgin bitumen -quartz interface 
model to 33.97mJ/m2 for the LDPE modified oxidized bitumen interface model. Therefore, 
it was found that the work of adhesion between the LDPE modified bitumen and quartz 
decreased with the increase of oxidization level. The main reason is the van der Waals energy 
reduced with the increase of the oxidation level. This is due to, for the acidic mineral, van 
der Waals is the main contributor for adhesive energy between LDPE modified bitumen and 
quartz so that the decrease of van der Waals energy is caused by the increase of the distance 
between modified bitumen and quartz as shown in the Table 10. As stated above, the 
molecular weight of bitumen and cohesive energy density (CED) increased when the 
additional oxygen atoms applied into the virgin bitumen. Similarly, the higher oxidation level 
can cause a stronger aggregation of LDPE modified bitumen. Thus, it can be inferred that the 
higher value of CED can increase the distance between the LDPE modified bitumen and 
quartz and eventually weaken the work of adhesion between LDPE modified bitumen and 
quartz. 
From Figure 4.5, The additional LDPE molecules in the oxidized bitumen model has a 
significant effect on the interfacial adhesion energy between the oxidized bitumen and quartz. 
This finding shows the work of adhesion for the oxidized bitumen- quartz model is 23.31 
mJ/m2. After adding 5 LDPE molecules into the bitumen, the work of adhesion for LDPE 




mentioned before, the LDPE molecule consists of nonpolar and high molecular weight 
hydrocarbons. Therefore, the additional five LDPE molecules in the oxidized bitumen has a 
positive effect on improving the adhesion energy between the oxidized bitumen and quartz 
with the increased van der Waals force between oxidized bitumen and quartz. 
As observed above, the work of adhesion for the bitumen-quartz interface model 
decreased after aging process. However, as shown in the figure 4.5, the negative effect of 
oxidative aging on the bitumen-quartz model cannot be remedied by adding the LDPE 
molecules into the bitumen. It can be inferred that the oxidative aging has a very strong effect 
on the bitumen-quartz interfacial adhesion performance. This is because, the higher oxidation 
level can increase the distance between the quartz and bitumen due to the stronger 
aggregation of the bitumen after aging. According to the Eq (4), the van der Waals force is 
inversely proportional to the center-to-center distance between bitumen and quartz. 
Therefore, in this study, considering that the content of LDPE molecules (9wt%) in the 
oxidized bitumen is very low, which has a little effect on improving the van der Waals energy 
between the oxidized bitumen and quartz. This finding is unexpected and suggests that 
mixing the low-content of LDPE into asphalt binder cannot minimize the negative effect of 
oxidative aging on the bitumen-quartz interfacial adhesion performance. 
Table 10 Center to center distance between LDPE modified or unmodified bitumen 









































(2) Combined effect of Low-density polyethylene (LDPE) and oxidative aging on 
bitumen-quartz interface adhesion (Dry process). 
The LDPE effect on the bitumen-quartz interface system studied by adding 10 LDPE 
molecules (18wt%) into the quartz-bitumen interface model (by dry process). Therefore, as 
observed above, the adhesion performance for quartz-LDPE -bitumen model is determined 
by the interfacial adhesion between bitumen and LDPE+ quartz and interfacial adhesion 
between quartz and LDPE+bitumen. Therefore, the work of adhesion for the Quartz+LDPE- 
bitumen interface model and work of adhesion for Bitumen+ LDPE- quartz interface model 
are both calculated based on the MD simulation (see Figure 4.7).  
 
Figure 4.7 Work of adhesion of the bitumen-quartz model with or without LDPE 



















Work of Adhesion -total 35.1 23.31 32.17 73.49 30.15 73.4
Work of Adhesion- Van der Waals 35.028 22.09 32.17 73.488 30.13 73.381







































The quartz is the acidic mineral (neutral mineral) so that the van der Waals is the primary 
contributor for bitumen-quartz interface adhesion energy. As can be seen from the Figure 4.6, 
the oxidative aging and LDPE are two key factors could influence interfacial adhesion 
performance for Quartz-LDPE-bitumen interface model. To describe the combined effects 
of oxidative aging and LDPE on bitumen-quartz interface model, the work of adhesion 
between the oxidized bitumen and LDPE+ quartz and the work of adhesion between the 
quartz and LDPE+ oxidized bitumen is all analyzed. 
Figure 4.7 shows the work of adhesion is first increased from 35.1mJ/m2 for virgin 
bitumen- quartz model to 73.49 mJ/m2 for the quartz +LDPE-virgin bitumen model when the 
10 LDPE molecules(18wt%) are introduced into the quartz-bitumen interface model (by dry 
method)and then the work of adhesion for the quartz +LDPE-virgin bitumen interface model 
is decreased slightly when the bitumen becomes aged. As shown in the Figure 4.7, the work 
of adhesion between quartz+LDPE -virgin bitumen is 73.49 mJ/m2, while the work of 
adhesion between quartz+LDPE -oxidized bitumen is 73.4 mJ/m2. These results indicated 
that the van der Waals interaction contributes the main adhesion between Quartz + LDPE- 
bitumen model. This is reasonable because the quartz is an electronically neutral mineral and 
there is no electrostatic bond exists in the interface between the LDPE and bitumen as the 
LDPE is non-polar molecule. Moreover, the results also indicated the LDPE has a positive 
effect on the interface adhesive energy between bitumen and quartz, while the oxidative 
aging could reduce the van der Waals energy, where van der Waals is the primary component 




oxidized bitumen and quartz, the aging is not the key factor influencing interface adhesive 
energy between the Quartz+LDPE and oxidized bitumen 
As observed above, the adhesion performance of the quartz-LDPE-Bitumen model is 
determined by the adhesion energy between the Quartz and LDPE+bitumen. Therefore, in 
this study, the work of adhesion for the oxidized Bitumen+ LDPE- quartz interface model is 
also calculated based on the MD simulations. As can be seen from the Figure 4.7, when the 
10 LDPE molecules placed upon the quartz layer, the work of adhesion decreases from 35.1 
mJ/m2 for virgin bitumen-quartz model to 32.17 mJ/m2 for Quartz-LDPE+virgin bitumen 
interface model, resulting from the lower van der Waal interaction between the quartz and 
LDPE (that reason is presented in the previous section). Once the additional oxygen atoms 
are introduced into the virgin bitumen, the work of adhesion is further decreased from 32.17 
mJ/m2 for bitumen+LDPE-Quartz model to 30.15 mJ/m2 for oxidized bitumen +LDPE-
Quartz model. The main reason is LDPE molecules is more likely to adhere to bitumen than 
quartz, so when the oxygen atoms are introduced into the bitumen it may cause a server 
agglomeration of the bitumen molecules, leading to a greater distance between the 
Bitumen+LDPE and quartz (see table 11). As a result, according to the Eq (4) and Eq (5), the 
electrostatic energy and van der Waals are both decreased between the LDPE and quartz with 
the greater distance between the quartz and LDPE. 
Table 11. Center to center distance between LDPE modified bitumen mass or virgin 










































In conclusion, these results suggest that the oxidative aging and LDPE can both affect 
the adhesion performance between bitumen and quartz. The oxidative aging has a significant 
negative effect on the interfacial adhesion energy between bitumen and quartz. Comparing 
the work of adhesion for quartz -LDPE+ virgin bitumen interface model and work of 
adhesion for quartz -LDPE+ oxidized bitumen, the addition of 10 LDPE molecules cannot 
enhance interfacial adhesion energy between the quartz and LDPE + bitumen ,which may be 
related to the low content of LDPE in the model.  
4.2.2 Bitumen-Calcite adhesion 
- Effect of oxidative aging on bitumen-Calcite interface adhesion 
The clearly understand the interfacial adhesion performance between the bitumen (at 
different oxidation degree) and calcite (alkaline mineral), the work of adhesion for different 
bitumen-calcite systems are calculated according to the MD simulation results. The work of 





Figure 4.8 Work of adhesion for bitumen-Calcite at different aging states (Non-bonded 
energy= adhesive energy= Van der Waals energy+ electrostatic energy.) 
Figure 4.8 shows the work of adhesion for virgin bitumen-calcite and oxidized bitumen-
calcite interface models. Unlike the work of adhesion between bitumen and quartz, the Figure 
4.8 indicates the work of adhesion increased from 55.39mJ/m2 for the calcite- virgin bitumen 
interface model to 68.42 mJ/m2 for oxidized bitumen-calcite interface model. The change is 
mainly resulted from the increase of electrostatic energy. In the calcite-bitumen interface 
model, the electrostatic energy constitutes a major part, while the van der Waals only takes 
up a small proportion. According to the acid base theory, the bitumen is an acidic material 
and more likely adheres to alkaline minerals (e.g. calcite) with a strong strength（Gong et al 
2017）. Therefore, the calcite is a weak alkaline mineral and the bitumen is acidic material 
so that bitumen has a strong adhesive energy with calcite (alkaline mineral). This finding is 
Calcite-Virgin bitumen Calcite-Oxidised bitumen
Work of Adhesion- Total energy 55.3954 68.42
Work of Adhesion-Van der Waals 21.51 15.26
































also consistent with the previous study shows that the aggregate contains many alkaline 
minerals have a strong electrostatic adhesive energy with bitumen (Aguiar-Moya et al ,2015).  
The Figure 4.8 also indicates that the electrostatic energy is increased with the after age. 
As mentioned in last section, the CED value is increased when the bitumen becomes aged so 
that the intermolecular force is improved within the bitumen. Therefore, when the bitumen 
becomes aged, the distance between the mass of bitumen and matrix of calcite is increased 
due to aggregation of bitumen molecules. According to the Eq (5), the greater distance due 
to the more aggregation of bitumen molecules can cause the lower electrostatic energy (see 
Table 12). However, the atomic charge is also one of the main factors influencing the 
electrostatic energy in an interfacial system. As a result, when the additional oxygen atoms 
are introduced into the bitumen, the atomic charge (electrostatic energy) is increased due to 
higher polarity.  
Figure 4.8 shows the van der Waals energy decreased when the bitumen becomes aged. 
The decreased van der Waals is caused by the increased of the distance between the mass of 
bitumen and calcite matrix (see Table 12).  However, unlike the adhesion energy between 
bitumen and quartz, the van der Waals has a little effect on the adhesion performance between 
the calcite and bitumen. Therefore, the change of van der Waals with the increase of the 
oxidization level is no longer the key factor affecting adhesion performance. 
As motioned above, the electrostatic energy plays the major role in the interfacial 
system between the calcite and bitumen. Therefore, the electrostatic interaction is more 




bitumen and calcite. Therefore, the work of adhesion for the calcite-bitumen interface model 
is increased after the aging process. 
Table 12. Center to center distance between Bitumen mass and Calcite matrix at 


















- Effect of LDPE on Bitumen-Calcite interface adhesion 
As stated in the section 3, there are two different mixing process can be used to mix the LDPE 
with the asphalt binder. According to the previous findings from bitumen -quartz interface 
systems, different mixing process can cause different effects on the interfacial adhesion 
performance for bitumen-mineral interface model. Therefore, in order to evaluate the effect 




molecules are introduced into the bitumen-calcite interface models using the two different 
mixing methods. 
(1) Effect of LDPE on bitumen-Calcite interface adhesion (by Wet process) 
To understand the effect of LDPE on interfacial adhesion performance between the LDPE 
modified bitumen and calcite, the five LDPE molecules (9wt%) are mixed into the bitumen 
directly using the wet process. The Figure 4.9 shows the work of adhesion for the LDPE 
modified bitumen-calcite model and virgin bitumen-calcite model. 
 
Figure 4.9 Work of adhesion of the bitumen-calcite model with or without LDPE 
molecules (by Wet process). 
Figure 4.9 shows the LDPE molecules can help to improve the interfacial adhesion 
performance between the calcite and bitumen. The work of adhesion increases from 
55.40mJ/m2 for virgin bitumen-calcite interface model to 63.42mJ/m2 for LDPE modified 
bitumen-calcite interface model. The positive effect of LDPE is due to the increased van der 
Calcite -  Virgin bitumen Calcite- LDPE modifiedvirgin bitumen
Work of Adhesion –Total energy 55.3954 63.42































Waals energy and the increased electrostatic energy. Firstly, the increased van der Waals 
energy is caused by introducing the five LDPE molecules (9wt%) into the virgin bitumen. 
As stated above, the LDPE is a nonpolar hydrocarbon molecule so that the high content of 
LDPE molecules in the bitumen results the higher van der Waals energy between the bitumen 
and calcite and eventually results a higher interfacial adhesive energy between the bitumen 
and calcite. Secondly, the increased electrostatic energy is caused by the decreased distance 
between the bitumen and calcite. The main reason is the van der Waals energy is inversely 
proportional to the distance between atoms according to the Eq (4). Therefore, the higher van 
der Waals can result a smaller distance between the bitumen and calcite. Based on the Eq (5), 
the distance between two molecules or atoms are also inversely proportional to the 
electrostatic energy so the smaller distance between the mass of bitumen and calcite matrix 
can result the higher electrostatic energy. 
Although, the smaller center-to-center distance between the bitumen and calcite results 
from the increase of van der Waals energy (due to the introduction of 5 LDPE molecules). 
Figure 4.9 indicates that electrostatic component is a key factor affecting adhesion 
performance and interaction between LDPE modified bitumen and calcite. This because, the 
aggregate which contains lots of calcite has a strong electrostatic adhesion with bitumen. 
Table 13. Center to center distance between LDPE modified Bitumen mass or mass of 




















42.09 Å  
 
(2) Effect of the LDPE on bitumen-Calcite interface adhesion (by Dry process) 
As stated above, the work of adhesion for mineral- LDPE- bitumen interface model is 
always smaller than that work of adhesion for the mineral -bitumen interface model and the 
interfacial adhesion performance between the bitumen and mineral can be affected when the 
LDPE is introduced into the asphalt binder using dry process. This is because, compared to 
the bitumen-LDPE+ Mineral interface, the interfacial adhesion energy between the Bitumen 
+LDPE and mineral is relatively low. In order to study the interfacial adhesion performance 
for the bitumen- LDPE-Calcite interface model, 10 LDPE molecules is placed between the 




between Bitumen+LDPE and calcite are relatively low in comparison with the adhesive 
energy between the Calcite+LDPE and bitumen. Firstly, as mentioned above, the adhesive 
energy performance can be determined by the adhesive energy between the calcite and 
LDPE+bitumen. Therefore, as shown in the Figure 4.10, the work of adhesion is reduced 
from the 55.40mJ/m2 for the virgin bitumen-calcite model to 43.77 mJ/m2 for the calcite- 
LDPE + bitumen model. This is because of the decrease of the electrostatic energy and 
decrease of the van der Waals energy. Firstly, the decreased electrostatic energy between the 
calcite and LDPE+bitumen is fundamentally caused by the increased the distance between 
the calcite and LDPE+ bitumen based on the Eq (5). The main reason is the LDPE have a 
better interfacial adhesion performance between the 10 LDPE molecules and the bitumen 
(70.71mJ/m2). As a result, as shown in the Table 14, the smaller distance between the Calcite 
+LDPE and bitumen leads to the greater distance between the bitumen + LDPE and calcite. 
According to Eq (4), the van der Waals is also inversely proportional to the distance between 
two atoms the greater distance between the calcite and LDPE+ bitumen leads to the smaller 
van der Waals energy between the calcite and LDPE+ bitumen. 
The interfacial adhesion for bitumen-weak alkali mineral (calcite) interfacial model is 
dominated by electrostatic energy interaction. Therefore, the interfacial adhesion 
performance between the calcite and LDPE+ bitumen is determined by the electrostatic 





Figure 4.10 Work of adhesion of the bitumen-quartz model with or without LDPE 
molecules (by dry process). 
Table 14. Center to center distance between LDPE modified bitumen mass or virgin 
















Calcite + LDPE -
Bitumen
Work of Adhesion –Total energy 55.3954 43.77 70.71
Work of Adhesion –Van der Waals 21.51 10.86 65.35












































- Combined effects of the LDPE and oxidative aging on bitumen-Calcite interface 
adhesion. 
To clearly describe the combined effects of the aging and LDPE on the bitumen-calcite 
adhesion, the LDPE molecules are introduced into the oxidized bitumen bulk model by 
using two different mixing process.  
(1) Combined effects of the Low-density polyethylene (LDPE) and oxidative aging on 
bitumen-Calcite interface adhesion (by wet process). 
To understand the interfacial adhesion performance between the LDPE modified 
oxidized bitumen and calcite, the five LDPE molecules are introduced into the oxidized 
bitumen using wet process. Figure 4.11 shows the work of adhesion results for different 
bitumen-calcite interface models. Moya et al (2015) presented that the adhesive bond energy 
is increased for the bitumen-alkali mineral when the bitumen become aged. The electrostatic 
energy is primary contributor for non-bond energy between the calcite and bitumen. The 




distance between the bitumen and calcite. However, the additional oxygen atoms in the 
LDPE modified bitumen or unmodified bitumen can cause a higher atomic charge due to 
more oxygen atoms and higher polarity. From Figure 4.11, the atomic charge is the key factor 
for determining the electrostatic energy and eventually improves the work of adhesion 
between the bitumen or LDPE modified bitumen and calcite 
Compared to the unmodified bitumen-calcite interface model, LDPE modified bitumen-
calcite model show a better van der Waals interaction between modified bitumen and calcite 
due to the introduction of five LDPE molecules using wet process. Therefore, the increased 
van der Waals energy leads to a smaller the distance between the modified bitumen and 
calcite. As a result, according to the Eq (5), the decreased distance between the bitumen and 
calcite increased electrostatic interaction between the LDPE modified bitumen and calcite. 
As observed above, oxidative aging and LDPE have positive effects on the interfacial 
adhesion performance for bitumen-calcite interface models. Therefore, the work of adhesion 
between the bitumen and calcite can be increased after aging or adding the LDPE molecules. 
The adhesive energy includes van der Waals energy and coulomb electrostatic energy.  The 
increased van der Waals energy is mainly caused by mixing 5 LDPE molecules into the virgin 
bitumen. However, the electrostatic energy is also increased after adding 5 LDPE molecules 
This is because the electrostatic energy is inversely proportional to the distance between to 
atoms and directly proportional to the atomic charges based on Eq (5). Therefore, the 
increased electrostatic energy is caused by the deceased distance between bitumen and calcite. 




electrostatic energy. the calcite has a relatively low wan der Waals energy with bitumen as 
calcite is a weak alkaline mineral. Therefore, Incorporation of LDPE molecules into bitumen 
seem to be less effective than oxygen atoms in bitumen in enhancing interfacial adhesion 
energy between the bitumen and calcite. 
 
 
Figure 4.11 Work of adhesion of the bitumen-quartz model with or without LDPE 
molecules at different aging state (wet process) 
Table 15. Center to center distance between LDPE modified bitumen mass or virgin 
bitumen mass and Calcite matrix at different aging state (1Å= 1×10-10m)- wet method. 
 










Work of Adhesion –Total energy 55.3954 68.42 63.42 74.39
Work of Adhesion –Van der Waals 21.51 15.26 28.242 19.12










































































(2) Combined effect of the LDPE and oxidative aging on bitumen-Calcite interface 
adhesion (by Dry process). 
The work of adhesion for different bitumen-calcite interface models have shown in the Figure 
4.12. As observed above, the interfacial adhesion performance between calcite and 
LDPE+Bitumen is the dominating factors that affects the interfacial adhesion performance 
for the Calcite-LDPE-Bitumen and main reasons dose not repeat here. Therefore, to 
understand interfacial adhesion performance for calcite-LDPE-oxidized bitumen, the work 
of adhesion between the oxidized bitumen+LDPE and calcite is analyzed. From Figure 4.12, 
the work of adhesion between the Calcite+LDPE and oxidized bitumen is also calculated. 
As shown in the Figure 4.12, the work of adhesion between the Calcite and LDPE+ 
virgin bitumen is 53.77mJ/m2 and the work of adhesion between the virgin bitumen and 
Calcite+LDPE is 70.71 mJ/m2. Once the oxygen atoms are introduced into the bitumen bulk 
model, the work of adhesion for the Calcite + LDPE-bitumen interface model is decreased 




the oxidised bitumen - LDPE+calcite interface model. From the Figure 4.12, when the 
bitumen becomes aged, the greater distance between the LDPE+calcite and bitumen cause a 
lower electrostatic energy and higher atomic charges and eventually results in higher 
electrostatic energy. However, the van der Waals energy plays the main part in interfacial 
adhesion between the bitumen and LDPE molecules This is because, there is no interaction 
force between the bitumen and calcite due to the presence of 10 LDPE molecules (with 
thickness > 15Å). As stated above, there is no electrostatic energy between the bitumen and 
LDPE. Therefore, based on the Eq (4), the greater distance between the calcite+LDPE can 
reduce the van der Waals energy between and eventually reduce the adhesive bond energy 
between the bitumen and LDPE.  
Whereas, the work of adhesion between calcite and LDPE+ bitumen is reduced from 
53.77mJ/m2 for calcite-LDPE+ virgin bitumen model to 50.77mJ/m2 for calcite- LDPE+ 
oxidized bitumen when the additional oxygen atoms are applied into the bitumen bulk model 
after aging process (see Figure 4.12). As observed above, the LDPE is more likely adhere to 
bitumen than mineral (such as calcite). Therefore, when the bitumen becomes aged, the 
distance between the calcite and LDPE+bitumen is increased due to the more aggregation of 
bitumen molecules (higher CED value). From table 16, The distance between Calcite and 
LDPE + virgin bitumen model is 45.28Å  and the distance between Calcite and LDPE+ 
oxidized bitumen is 46.28	Å. According to the Eq (4) and Eq (5), the electrostatics energy 




distance leads to decrease both electrostatic energy and van der Waals energy and eventually 
reduce the adhesive bond energy for Calcite- LDPE + bitumen interface model after aging. 
 
 
Figure 4.12 Work of adhesion of the bitumen-quartz model with or without LDPE 
molecules at different aging state (by Dry process) 
Table 15. Center to center distance between LDPE modified bitumen mass or virgin 


























Work of Adhesion –Total energy 55.3954 68.42 53.77 70.71 50.6 69.19
Work of Adhesion –Van der Waals 21.51 15.26 6.86 65.35 5.39 58.38







































































4.2.3 The Effect of different mineral types on work of adhesion 
In this study, the effect of different minerals on interface adhesion performance in pavement 
is investigated using the MD simulations. According to the Eq (3), the non-bond energy 
includes van der Waals energy and electrostatic energy, the energy components which 
attribute to the work of adhesion between mineral and bitumen is shown in the Figure 4.13.  
The Figure 4.13(a) shows the bitumen and quartz interact with each other mainly by van 
der Waals energy. However, compared to the virgin bitumen-quartz interface models, the 
electrostatic energy is a major part for interfacial adhesion energy between the virgin bitumen 
and calcite. As shown from the Figure 4.13 (b) to Figure 4.13 (c), the van der Waal energy 
is still a primary contributor to the total energy for quartz-bitumen interface models and the 
electrostatic energy is still takes up a major part in calcite-bitumen interface models 
regardless of whether the bitumen is affected by the LDPE and oxidative aging or not. These 
results are consistent with the simulation results (Gao et al ,2018, Xie et al ,2019). As stated 
above, the quartz is an electronically natural mineral, having a very weak electrostatic 




between the quartz and acidic bitumen. Unlike the bitumen-quartz interface model, the 
electrostatic energy is the primary contributor for the adhesion between the calcite and 
bitumen. This is because the calcite is a weak alkali mineral. This finding also reported by 
Mirzababaer (2011) that aggregate have a large amount of calcite mineral shows a strong 
electrostatic adhesion between the bitumen and calcite. 
Compared to the bitumen-quartz interface models, the interfacial adhesion energy 
between the bitumen and calcite is much greater (see Figure 4.12). For example, the work of 
adhesion for the virgin bitumen-quartz is 35.1mJ/m2 and the work of adhesion for virgin 
bitumen-calcite is 55.40mJ/m2. Moreover, the work of adhesion for quartz-LDPE modified 
bitumen model (74.39mJ/m2) is much higher than the work of adhesion for calcite-LDPE 
modified bitumen model (33.97 mJ/m2). Therefore, the ranking for the adhesion energy 
between acidic bitumen and two minerals is as follow: calcite>quartz. These results can be 
explained by the acid-base theory. This is because, considering the content of heteroatoms 
such as Sulphur, oxygen in bitumen is very small, the bitumen is always acid material. 
Therefore, acid material easily adheres to alkaline material such as calcite mineral with strong 
strength, while the quartz is acid mineral so there is a relatively weak adhesive bond energy 
between the acid bitumen and acid quartz. This conclusion is in agreement with the previous 
study from Cuclan (2019). Therefore, in other words, the electrostatic energy is more helpful 
than van der Waals energy to improve the adhesive energy and the interaction between 





(a) Quartz-virgin bitumen model and Calcite-virgin bitumen model 
 
(b) Quartz-oxidized bitumen model and Calcite-oxidized Bitumen model 
Work of Adhesion –
Total energy 
Work of Adhesion –
Van der Waals
Work of Adhesion –
Electrostatic
Quartz -  Virgin bitumen 35.1 35.082 0.018


























Work of Adhesion –
Total energy 
Work of Adhesion –
Van der Waals
Work of Adhesion –
Electrostatic
Quartz- Oxidized bitumen 23.31 22.09 1.22
































(c) Quartz- LDPE modified bitumen model and Calcite-Bitumen model (wet method). 
 
(d) Quartz-LDPE+ bitumen model and Calcite-LDPE+ bitumen model (dry method). 
Work of Adhesion –
Total energy 
Work of Adhesion –
Van der Waals
Work of Adhesion –
Electrostatic
Quartz  - LDPE modified virgin
bitumen 38.86 38.841 0.019
Calcite- LDPE modified virgin



























Work of Adhesion –
Total energy 
Work of Adhesion –
Van der Waals
Work of Adhesion –
Electrostatic
Quartz-LDPE+ Bitumen 32.17 32.69 0






























(e) Quartz- LDPE modified oxidized bitumen model and Calcite-Bitumen oxidized 
model (wet method). 
 
(f) Quartz-LDPE+ oxidized bitumen model and Calcite-LDPE+ oxidized bitumen 
model (dry method). 
Work of Adhesion 
–Total energy 
Work of Adhesion 
–Van der Waals
Work of Adhesion 
–Electrostatic
Quartz  - LDPE modified Oxidized
bitumen 33.97 30.63 3.34
Calcite- LDPE modified oxidised





























Work of Adhesion 
–Total energy 
Work of Adhesion 
–Van der Waals
Work of Adhesion 
–Electrostatic
Quartz-LDPE+Oxidised bitumen 30.15 30.13 0.02






























Figure 4.13, Contribution of non-bond components including van der Waals and 
electrostatic energy to the work of adhesion for two different mineral-bitumen 
systems. 
4.3 Data Analysis and Discussion Summary 
The adhesion work for calcite- bitumen interface models and quartz-bitumen interface 
models are calculated in different conditions. The main conclusion can be drawn as follows: 
1) The interfacial adhesion energy is composed of non-bond energy. Van der Waals force 
is the main contribution for adhesion performance between bitumen and quartz. For 
calcite, electrostatic force is dominant in the interface adhesion. 
2) The oxidative aging has a negative effect on the quartz-bitumen interfacial adhesion 
performance. However, the oxidative aging has a positive effect on the calcite-bitumen 
interfacial adhesion performance. 
3) The incorporation of LDPE into the bitumen using wet process can increase the van der 
Waals bond energy between mineral and bitumen, which can further increase the 
adhesive bond energy between mineral and bitumen eventually. 
4) The interfacial adhesion performance for mineral-LDPE-Bitumen models are determined 
by the adhesive performance between the mineral and LDPE+bitumen instead of by the 
adhesive performance between the Mineral + LDPE and bitumen. 
5) Calcite-bitumen interface models has a better adhesion performance than quartz-bitumen 




Chapter 5 Conclusion and Recommendation 
5.1 Summary and Conclusions 
In this thesis, the effects of mineral types, oxidative levels and LDPE processing method (dry 
and wet process) on the interface adhesion performance in asphalt materials were studied 
using molecular dynamics (MD) simulations.  
The bitumen at different oxidation levels were used for modelling the interface with 
quartz and calcite to investigate the effects of the oxidative levels on the interfacial adhesion 
performance between bitumen and minerals. In addition, LDPE molecules are introduced 
into the model by using two different methods (dry method& wet method) to investigate the 
effects of LDPE on the interfacial adhesion performance between bitumen and mineral 
surfaces. Finally, the LDPE molecules were introduced into the model after aging to 
understand the combined effects of LDPE and oxidative aging on the interfacial adhesion 
between mineral and bitumen. 
The following conclusions are drawn from the results of this study. 
1. Cohesive energy density (CED) can be used to analysis the intermolecular bonding 
strength of bitumen. The cohesive energy density includes van der Waals energy and 
electrostatic energy. When the bitumen becomes aged, the cohesive energy of bitumen is 
increased, which results in the aggregation of bitumen molecules. The increased CED 
value is fundamentally caused by the increased van der Waals energy and electrostatic 




higher polarity than that of virgin bitumen. Moreover, the bitumen is mainly composed 
of hydrocarbon molecules which are mainly non-polar. Therefore, the cohesive energy 
of bitumen is dominated by van der Waals interaction. Finally, the presence of 5 LDPE 
molecules (9%wt) in bitumen can help to enhance the intermolecular bond strength of 
bitumen regardless of whether the bitumen is oxidized or not. 
2. The interfacial adhesive energy between mineral and bitumen is composed of non-bond 
energy including van der Waals interactions and electrostatic force. Van der Waals 
interaction plays the primary contribution for the adhesion between the bitumen with 
acidic mineral such as quartz. Whereas, for bitumen-alkaline mineral, the electrostatic 
force dominates the interface adhesion, 
3. For bitumen-quartz interfaces, the interfacial adhesive energy is decreased when the 
bitumen becomes aged. This is due to the increased distance between the bitumen and 
quartz caused by the aggregated bitumen during the ageing process. However, for 
bitumen-calcite combination, the adhesive bond energy between the bitumen and calcite 
is increased when the bitumen become aged. This is because the higher oxidation level 
results in higher atomic chargers in the bitumen and therefore higher electrostatic energy 
between the calcite and bitumen. As a result, the higher oxidation level in the bitumen 
can decrease the interfacial adhesion between the bitumen and acid mineral like quartz, 
while the interfacial adhesion between the bitumen and alkali mineral such as calcite can 
be enhanced when the bitumen becomes aged. In conclusion, the oxidative aging is 
beneficial to enhance the interfacial adhesion between the bitumen and alkaline mineral. 




the interfacial adhesion between the bitumen and the alkaline minerals can be reduced 
due to the bitumen’s aggregation. In addition, the moisture is not considered in the 
modelling.   
4. When the LDPE are introduced into the bitumen by wet process, the work of adhesion is 
increased for both the bitumen-quartz model and the bitumen-calcite model. However, 
this enhancement of the adhesion due to the addition of the LDPE molecules in the 
heavily oxidized bitumen is not as remarkable as that for the unaged bitumen, which may 
be related to the low content of LDPE are introduced into the asphalt binder and the 
oxidation has dominated the adhesion between the bitumen and the mineral surfaces. In 
sum, the incorporation of LDPE into the asphalt binder by wet process is beneficial to 
improve the interface adhesion performance of asphalt pavement.  
5. When the LDPE molecules is introduced bitumen by dry method, the work of adhesion 
for bitumen-LDPE-mineral system is dominated by the interfacial adhesion performance 
between the LDPE and bitumen no matter if the bitumen is oxidized or not. This is 
because the adhesion of the LDPE-mineral interface is stronger than that of the bitumen-
LDPE interface. Therefore, the incorporation of LDPE into the bitumen by a dry method 
has a negative effect on the interface adhesion performance between the mineral and 
bitumen. This is because, the adhesive bond energy between the mineral and LDPE is 
much smaller than the adhesive bond energy bitumen and mineral.  
6. The adhesion energy between calcite and bitumen is much higher than that of quartz 
regardless of the effect of LDPE and oxidative aging. This is because, the calcite is more 




der Waals energy constitutes in a major part in quartz-bitumen interface adhesion 
bitumen, while the electrostatic energy is the key factor determining the adhesion energy 
between the calcite and bitumen. Furthermore, compared to the effect of LDPE on 
adhesion, the effect of oxidative aging on adhesion is the dominating factor in 
determining the adhesion performance in the system. LDPE can only improve the van 
der Waals interaction for mineral-bitumen model.  
5.2 Recommendation for further study 
- The validation of the simulation results is limited to using the results and findings from 
the existing studies in the literature. Laboratory tests for validating the conclusions from 
the molecular dynamic simulations need to be included in the future study when the 
Covid-19 disappears. This can help to improve the reliability of the results and increase 
the validity of data.  
- More MD modelling could be included by introducing the moisture and higher ageing 
severity to evaluate how the adhesion is changed due to the ageing and the addition of 
the LDPE using dry and wet methods.  
- The computational power is limited so the duration of simulation is limited up to 200ps. 
However, the longer duration of simulation can make the results for work of adhesion 
better representing the real material behavior. 
- There are few or no previous studies on LDPE modified asphalt by MD simulations. 
Specifically, the LDPE molecules used in this study still need to be improved to obtain a 




- Another recommendation is to increase the proportion of LDPE. In this study, the 
incorporation the LDPE into the bitumen seems to be less effective than the oxidative 
aging in influencing interfacial adhesion energy, which may be related to the low 
percentage of LDPE (max 18%) used in the study. 
- The last recommendation is to study the interfacial adhesion performance between acidic 
bitumen and strong alkaline mineral (such as albite). It can help to understand if the 
additives such as LDPE can mitigate the effect of oxidation within the bitumen on the 
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